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ABSTRACT

Dendrite patterning is a critical determinant of neuronal function and
connectivity, yet shows high diversity among neuronal types. Thus, the question of
how neurons acquire their appropriate morphology is a major interest in the study of
neuronal development. Purkinje cells develop large, space-filling dendrites in a single
plane with little overlap among the individual dendrites. To achieve this, Purkinje cell
dendrites show a characteristic developmental pattern in which contact between
dendrites, mediated by numerous small protrusions, signals one or both dendrites to
retract. The actin-rich protrusions found on these dendrites function as environmental
sensors, and while their dynamic changes in morphology have often been studied in
the context of spinogenesis and synaptic plasticity, little work has been down on the

contribution of these protrusions to the final morphology of dendritic arbors.

Metastasis-suppressor 1 (MTSS1) is a membrane and actin-scaffolding protein
that shows notably high, developmentally-regulated expression in Purkinje cells. Using
MTSS1 conditional knockout (cKO) mice, stereotypical reduction in dendritic arbor size
and shape was observed, concomitant with significant increase in dendritic protrusion
length. These morphological phenotypes were similarly observed in Purkinje cells
cultured in vitro. Live imaging demonstrated that cKO Purkinje cells underwent
frequent branch retraction at the earlier stages of their development, with no reduction
in ability to form dendrites, suggesting that the over retraction of dendrites was the
main contributor to the MTSS1 knockout dendritic phenotype. This increase in
retraction was facilitated by increased contact between the longer dendritic protrusions.
To understand what changes in the actin cytoskeleton led to this increase in dendritic
protrusion length, several pharmacological inhibitors were added to Purkinje cells with
either loss or overexpression of MTSS1. While MTSS1 overexpression upregulated

the activity of the branched-actin nucleator ARP2/3, loss of MTSS1 resulted in



increased formin-dependent actin regulation. Thus, this loss of negative formin

regulation in cKO Purkinje cells led to the increased length of dendritic protrusions.

The formin DAAM1 was observed to be highly localized to dendritic protrusions,
and could transiently induce longer filopodia in Purkinje cells with induced expression
of a constitutively active DAAM1 construct. Through biochemical experiments, the
central region of MTSS1 was observed to bind to DAAM1, and expression of this
portion was sufficient to rescue the MTSS1 knockout morphological phenotypes
observed in Purkinje cells. These results suggested that neither the well-characterized
I-BAR nor WH2 domain was necessary for MTSS1 function in Purkinje cells. Using
Single-Molecule Speckle Imaging (SiMS), visualization of individual constitutively
active DAAM1 dimers demonstrated that in the presence of MTSS1, the DAAM1-
dependent elongation of actin was inhibited in two modes. The first was due to a non-
specific inhibition of actin elongation due to WH2-dependent sequestration of
monomeric actin. The second was a specific induction of DAAM1 pausing during actin
elongation, likely due to the specific binding between the central region of MTSS1 and
DAAM1. Together, these results suggest that MTSS1 may function as a regulator of
DAAM1 that had already been activated, modulating its actin polymerization activity at
the tips of dendritic protrusions. This regulation further links between biological events
in distinct hierarchies and spatiotemporal scales; actin dynamics occurring at the
molecular, submicron and second scale, and neuronal morphogenesis occurring at

the scale of hundreds of microns and several days.
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CHAPTER 1. INTRODUCTION




1.1 PURKINJE CELL DENDRITES AND THEIR DEVELOPMENT

1.1.1 Dendrite form and function

Neurons are post-mitotic, electrically excitable cells that vary widely in their size,
localization, type of input received, mode of information integration, and manner of
signal output. The neuronal network requires precise connections to form circuits that
are able to correctly transmit and process information, and it has been well-established
that improper neuronal connectivity during development leads to neurological
diseases and disorders (Kaufmann and Moser, 2000). To achieve proper connectivity,
neurons must extend unique processes to both receive (dendrites) and send (axons)
information through crowded and oftentimes very distant target neurons (Figure 1A).
However, while much has been focused on axonal growth and guidance for
establishment of proper synaptic connectivity, there have been relatively fewer studies

regarding the rules governing dendrite growth and population of their receptive fields.

Dendrites function as the site of postsynaptic input, and while the number of
possible morphologies a neuron can possess is impressively high, neurons must
minimize their branching to reduce resource cost and achieve the most efficient wiring
(Cherniak, 1994). Thus, dendrites develop to reflect the neuron’s function, resulting in
a huge variety in shape, density, localization relative to the soma, and extent of reach,
(Figure 1B). These parameters impact the placement and number of synapses a
neuron can make, as well as modify the electrical characteristics of the dendritic

compartment (Hausser et al., 2000; London and Hausser, 2005; Mel et al., 2017).
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Figure 1. Neuronal structure and their diversity.

(A) Neurons are cells with typical organelles, in addition to unique processes. In
general, dendrites are formed closer to the soma, and are the receivers of
information. Some neurons have dendrites covered with dendritic protrusions, which
include filopodia-like structures and spines. Oftentimes, synapses may be found on
these protrusions. The axon conveys information away from the soma to other
neurons or target tissues that can be some distance away. (B) An example of the
variety of morphologies dendritic (black) and axonal (red) arbors can make. Image
reproduced from Parekh and Ascoli (2013) with permission.



A Selective Sampling C Space-filling

{ w
Figure 2. Dendrite arbor morphology reflects specific neuronal subtype
function.

(A) Olfactory sensory neuron (left) and bipolar neurons of the retina (right).
Selective dendrites connect to a single target, and are often found in sensory
systems. (B) Pyramidal neuron of the cortex shows sampling dendrite morphology.
(C) Purkinje cell of the cerebellum fills its receptive field with non-overlapping
dendrites. All drawings from Santiago Ramén y Cajal (1852-1934); Public domain
— Creative Commons.
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An approximate classification based on type of information processing divides
dendrites into selective, sampling, and space-filling patterns (Fiala and Harris, 2007)
(Figure 2). Selective dendritic arbors connect a single input to the neuron, effectively
functioning as a band pass filter of incoming signal (Figure 2A). Space-filling dendrites
function as their name suggests and extend a dense dendritic arbor intended to
maximize coverage of an input field and integrate information into a single output
(Snider et al., 2010) (Figure 2C). Sampling dendritic arbors fall between these two
extremes and will take a representative sample of input from their receptive field, for
more nuanced calculations (Figure 2B). Thus, it is of high interest to clarify the
molecular mechanisms underlying how different neuronal subtypes can form such a

variety of dendritic arbors.

Neurons with space-filling dendrites are widely used as a model to clarify
molecular mechanisms underlying dendrite formation, due to the ease of observation
and detection of defects in dendritic morphology. Neurons with space-filling dendrites
show conservation of many of its characteristics throughout several neuronal
subtypes; these include neurons with two-dimensional dendritic arbors consisting of a
single plane (Purkinje, drosophila da neurons) or a few, stratified planes (retinal

ganglion cell, amacrine).

In my work, | utilized mouse cerebellar Purkinje cells (Figures 3A-B) for
modeling and studying dendritic development. The cerebellum plays an important role
in motor control and learning (Ito, 1989) and is a popular model to use due to its orderly
and well-characterized circuit organization. Purkinje cells form a single parasagittal
plane of dense, non-overlapping dendrites (Ramon y Cajal, 1911) that densely covers

its receptive field. The flat morphology allows innervation from thousands of afferent

11
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Figure 3. Cerebellar layout and Purkinje cells.

(A) The cerebellum (red arrow) is located at the rear of the brain and is involved in
motor learning and coordination. Henry Gray (1918). (B) Cerebellar cortical layer
organization from a sagittal slice view shows Purkinje cells (red arrow) aligned in a
single layer with dendrites extending toward the meninges. Henry Gray (1918). (C)
A coronal slice view shows Purkinje cells (red arrow) forming a flat shape, allowing
innervation from multiple granule cell axons and minimization of multiple synapse
per afferent connection. Daniel John Cunningham (1913). All images: Public domain

— Creative Commons.
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parallel fibers, which are the axons of the cerebellar granule cells. These connections
occur at a perpendicular angle, minimizing multiple innervations from the same axon
(Napper and Harvey, 1988)(Figure 3C). Thus, the particular circuit requirements
between the granule cells and Purkinje cell are elegantly reflected by the morphology

of the two neurons.
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1.1.2 Dendrite development

Dendritic arbor development occurs on the scale of days to weeks; however,
growth of individual dendrites can occur much faster, with some cell types showing
dendrites undergoing multiple rounds of extensions and retraction prior to stabilization.
The formation of a dendrite encompasses several steps (Figure 4A), including
initiation, elongation, and stabilization/retraction, all of which impact the shape, size,
localization, and integration of the arbor into the neural circuit (Lefebvre et al., 2015).
Many factors have been shown to contribute to one or more of these steps, including
energy and material reserves (Fukumitsu et al., 2015), sensitivity to growth factor
gradients (Smith et al., 2012), response to contact with permissive/prohibitive surfaces,

and neuronal activity (Miller and Kaplan, 2003)(Figure 4B).

While it is not surprising that the difference between simple, sampling, and
space-filling dendritic arbors is largely impacted by intrinsic programming, live imaging
studies have highlighted the importance of intrinsic programming in generating
morphological dendritic diversity by demonstrating differences in dendrite initiation,
elongation, and stabilization/retraction among neuronal subtypes. Intrinsic differences
in dendrite initiation are well represented by the difference between pyramidal neurons,
which sprout new branches from the side of preexisting dendrites (Dailey and Smith,
1996), and Purkinje cells that grow new branches by bifurcation of dendrite tips
(Fujishima et al., 2012)(Figure 5). What determines whether dendrite formation is to
occur by bifurcation or collateral sprouting is still unknown. Differences in intrinsic
programming can also be observed within arbor types that display similar features.

For example, dendritic growth of cortical neurons in layers 4 and 6 show opposite

14
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Figure 4. Regulators of dendritic arborization.

(A) Important processes for establishment of dendritic arbors. (B) Summary of
extracellular factors regulating dendrite development. Asterisk indicates molecules that
mediate dendritic self-avoidance. (C) Example of Purkinje cell showing dendrite self-
avoidance. (A and B) modified from Ledda and Paratcha (2017), with permission.
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responses to BDNF and NT-3 (McAllister et al., 1997). Further specification within
general intrinsic programming is the stabilization/retraction responses in cells showing
dendritic self-avoidance. In order to prevent intra-dendrite crossing, Purkinje cells
switch self-avoidance behaviors during dendritic arbor development (Fujishima et al.,
2012). At earlier stages, in which the more proximal dendrites are being formed,
contact with a neighboring dendrite results in retraction. At later stages, when the more
distal dendrites are being formed, contact results in a stalling of growth and dendrite

stabilization.

In neurons showing space-filling, self-avoiding dendritic patterning,
environmental sensing is very important to prevent dendritic crossing either with
dendrites from the same neuron or from other neighboring neurons. Contact-
dependent stalling of growth has been shown to be a conserved mechanism in many
types of neurons (Emoto et al., 2006; Fujishima et al., 2012; Grueber et al., 2003; Han
et al., 2012; Smith et al., 2012). At present, only a few mammalian molecules have
been identified to be involved in dendritic self-avoidance, and all have been
demonstrated to convey their self-avoidance effects via restriction to the membrane.
Protocadherins (Ing-Esteves et al., 2018; Lefebvre et al., 2012) appear to confer single
cell identity by extensive alternative splicing. DSCAM was suggested to inhibit self-
adhesive signals among cells of the same type (Fuerst et al., 2009), and both the
Plexin A4/Semaphorin 6A and Robo2/Slit2 signaling cascades may function as cell
autonomous repulsion factors (Gibson et al., 2014; Matsuoka et al., 2012). Of surprise
was the report that unlike conventional secreted Slit signaling, signaling between a
membrane-anchored Slit2 and its receptor Robo2 was shown to be involved in this

self-avoidance behavior.
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Figure 5. Neurons show different strategies of dendrite development.

(A) lllustration of cortical pyramidal neuron development characterized by rapid
dendritic (red) growth and lengthening followed by addition of collateral dendrites
proximal to the soma. Axons are shown in blue. Modified from Ramaswamy and
Markram (2015), with permission. (B) Rat Purkinje cells display transient stellate
dendrites before becoming polarized at P9, followed by progressive dendrite
extension at the distal tips. Axons not shown. Modified from McKay and Turner
(2005), with permission.
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In addition to the identification of molecules required for recognition of contact,
more detailed aspects of how space filling neurons regulate dendritic growth remain
to be clarified. This includes how neurons regulate the dynamics of local environmental
exploration, the threshold for both sensing contact and triggering a response, as well
how these signals are converted into different outcomes and the signaling cascades

involved.
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1.1.3 Dendritic protrusions (spines, filopodia)

During dendrite formation, some neuronal types will simultaneously begin to
form numerous small, actin-filled protrusions on the dendritic shafts that persist
throughout adulthood. Dendritic protrusions during early development have been
attributed to a variety of roles, such as functioning as environmental sensors, spine
precursors, and dendrite precursors, depending on the neuron type and location on
the dendrite (Dent et al., 2007; Fujishima et al., 2012; Heiman and Shaham, 2010;
Lohmann and Bonhoeffer, 2008; Niell et al., 2004; Ziv and Smith, 1996)(Figure 6A-
C). These functions have been shown to be dependent on the environmental-sensing
capability of the protrusion, similar to canonical filopodia, to find either presynaptic
partners or sense a permissive environment for dendrite formation. Likely to facilitate
this environment exploration, protrusions are extremely dynamic structures, showing
a high rate of morphological change, motility, and turnover that slows down with

maturation.

In mature neurons, dendritic protrusions largely consist of spines: constricted
compartments that house the postsynaptic machinery required for converting an
extracellular chemical signal into an electrical signal. Spines are also highly dynamic
structures, and their turnover and change in size are known to reflect synaptic strength
(Alvarez and Sabatini, 2007). Consistently, numerous studies have established that
dendritic protrusion morphological changes depend on developmental stage,
neurological activity, and disease state (Hotulainen and Hoogenraad, 2010; Yuste and

Bonhoeffer, 2004).

Dendritic protrusions are often classified into four groups according to

morphological criteria in an attempt to distinguish immature and mature protrusions:
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Figure 6. Dendritic protrusions show diverse functionality and
morphology.

Dendritic protrusions in developing neurons have been observed to (A) function
as dendrite precursors, (B) function as environmental sensors, and (C) function
as spine precursors. (D) Dendritic protrusions are commonly classified into four
shapes. (E) Dendritic protrusions undergo morphological change in response to
development, synaptic strength, and disease.
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filopodia-like, thin, stubby, and mushroom-like (Figure 6D). Together these
protrusions range in length from 0.5-4 ym with widths of as little as 100 nm in the case
of filopodia and mushroom-like spine necks. Unfortunately, there have been no
markers reported able to distinguish among these commonly used categories. Due to
their frequent change in morphology, dendritic protrusions may be better viewed as
existing on a spectrum, and able to fluidly change from one category to another (Nagerl

et al., 2004; Parnass et al., 2000) (Figure 6E).

Purkinje cell dendritic protrusion classification has been reported in several
studies, and differ significantly from the more commonly studied hippocampal or
cortical spines (Gonzalez-Burgos et al., 2011; Lee et al., 2004). The proportion of
spines with “thin” or filopodia-like morphology, which are generally described as less-
mature spines in pyramidal cells, is much higher in mature Purkinje cells, and
‘mushroom”-shaped spines are less distinct. Therefore, in this study | do not
distinguish among the categories in an attempt to count protrusion density in an

unbiased manner.

21



1.2 MTSS1

1.2.1 MTSS1 structure and domains

Metastasis Suppressor 1 (MTSS1), also known as Missing-in-Metastasis (MIM),
is a 745-residue multi-domain protein first named due to its downregulation in several
cancers (Figure 7A). It is a member of the Bin -Amphiphysin- Rvs (BAR) superfamily,
comprising proteins that contain a relatively conserved domain able to dimerize and
induce membrane curvature, both in vitro and in vivo (Zhao et al., 2011). The inverse-
BAR domain (I-BAR), so named due to its ability to bend membranes in the direction
opposite of other BAR proteins, was first characterized in MTSS1 and IRSp53
(Yamagishi et al., 2004). The I-BAR domain dimerizes and binds to the plasma
membrane’s inner leaflet, inducing convex (“negative”) membrane curvature, or
outward protrusions in cells (Mattila et al., 2007) (Figure 7B). The I-BAR domain was
shown to bind to phosphoinositide-rich regions of membrane (Mattila et al., 2007), as
well as to be able to accumulate PI(4,5)P2 clusters (Saarikangas et al., 2009). This
ability to accumulate PI(4,5)P2 was shown to be important for assembly of actin-
regulating machinery, demonstrating an indirect regulation of actin via the I-BAR
domain (Saarikangas et al., 2015). Furthermore, this I-BAR domain was shown to
have a splicing isoform-dependent ability to upregulate Racl activity and localize it to
the membrane (Dawson et al., 2012a). Interestingly, in HelLa cells stimulated with
stromal cell-derived factor 1 (SDF-1), both MTSS1 and its I-BAR truncate could
associate with Rab7, presumably via complex formation on endo-lysosomal vesicles
(Li et al., 2017). This demonstrated that the I-BAR domain could be “activated” to
associated with certain membranes, or if viewed in the opposite direction, suggests
that despite containing the I-BAR domain, MTSS1 does not necessarily always
associate with membrane.

22
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Figure 7. MTSS1 structure and function.

(A) Domain structure of MTSS1 and binding partners identified to date. (B)
Hypothetical schematic of MTSS1 function in cells. MTSS1 can dimerize and bind
to the plasma membrane, accumulating PI(4,5)P2 (darker lipids) and forming an
outward protrusion.
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The C terminus of MTSS1 contains the highly conserved Wiskott-Aldrich
homology 2 (WH2) domain, an approximately 30-amino acid sequence known to bind
to ATP-bound actin monomers with high affinity (Mattila, 2003; Woodings et al., 2003).
The WH2 domain is an intrinsically disordered short sequence that folds once bound
to actin (Carlier et al., 2013). Because it is often found in proteins that include several
actin-regulating motifs, the WH2 domain is associated with a variety of actin-regulating
activities; furthermore, it was shown that the sequence N-terminal to the WH2 domain
determines whether it facilitates or inhibits F-actin polymerization by its strength of G-
actin binding (Chereau et al., 2005; Didry et al., 2012). The WH2 domain in MTSS1 is
most similar to the WH2 domains found in verprolin, WIP and actobindin, and its high
affinity to ATP-G-actin suggests that while it may participate in barbed-end elongation
in in vitro experiments, MTSS1 may sequester G-actin away from other actin-binding

proteins in cells (Lin et al., 2005; Mattila, 2003; Woodings et al., 2003).

In addition to the well-characterized I-BAR and WH2 domains, MTSS1 includes
domains of high serine (SRD) and proline (PRD) density, which are subject to
regulation via multiple kinases and phosphatases (Wang et al., 2007; Zeleniak et al.,
2018). Although the structure of this region has not been reported, it has been
demonstrated to bind to the ARP2/3 regulator cortactin (Lin et al., 2005), the
transcription factor Gli and its regulator Sufu of the Sonic Hedgehog pathway
(Callahan, 2004), the formin DAAML1 (Liu et al., 2011), and the phosphatase RPTPd

(Gonzalez-Quevedo, 2005).
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1.2.2 MTSS1 Molecular function

MTSS1 is expressed in several organ systems during embryogenesis and
maintains strong expression in the adult kidney, liver, leukocytes, and Purkinje cells
(Glassmann et al., 2007; Mattila, 2003; Yu et al., 2012), with lower expression in a
number of other tissues. MTSS1 was first observed to be down regulated in bladder
carcinoma (Lee et al., 2002), and was later categorized as a metastasis suppressor
after decreased expression was observed in metastatic breast (Parr and Jiang, 2009),
esophageal (Xie et al., 2011), kidney (Du et al., 2012), pancreatic (Zhou et al., 2016),
and ovarian (Isaksson et al., 2014) cancers. This was initially largely attributed to the
increased cell motility and invasiveness observed when MTSS1 expression was
knocked down in cell lines, due to rearrangement of the actin cytoskeleton as well as
changes in surface expression levels of various receptors (Li et al., 2017; Lin et al.,
2005; Parr and Jiang, 2009; Quinones, 2010; Xie et al., 2011; Yu et al., 2011; Zhan et
al., 2016). Furthermore, while increases in proliferation after MTSS1 loss have been
reported in breast and esophageal squamous cell carcinoma lines (Parr and Jiang,
2009; Xie et al., 2011), changes in proliferation in response to loss of MTSS1 was
shown to be cell type-dependent and even having opposite effects in different non-
small cell lung carcinoma cell lines (Ling et al., 2016), making it unclear how MTSS1

may suppress proliferation.

Other studies have shown significant overexpression of MTSS1 compared to
normal tissues in primary or early-stage cancers, such as in lung (Kayser et al., 2015),
head and neck small cell (Dawson et al., 2012b), and hepatocellular (Ma et al., 2007)
cancers, which was then lost with increasing metastatic potential. Although it remains
unclear what is regulating this pattern of expression, one study attempting to clarify

the role of MTSS1 in these cancers hypothesized that in a cell density-dependent
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manner, MTSS1 may regulate the membrane localization of the EGF receptor, which
is implicated in several signal transduction cascades that modulate migration, cell
adhesion and proliferation (Dawson et al., 2012b). However, several other studies
have reported that the upregulation of MTSS1 was correlated with increased
metastatic potential in colorectal (Wang et al., 2011) and melanoma (Mertz et al.,
2014) cancers. Thus it is clear that the biological role of MTSS1 may be tissue specific
and extrapolation of MTSS1 function across multiple cancers should be performed
with caution.

Further studies on the biological function of MTSS1 have been explored by
generation of four distinct MTSS1 knockout animals (including the one described in
this text)(Table 1). Despite the widespread expression of MTSS1 throughout the
embryo, homozygous loss of MTSS1 does not result in embryonic lethality,
demonstrating that MTSS1 is dispensable for embryonic development. The Finnish
and Kansas City models showed consistent findings of kidney function disruption and
histological abnormalities, although their molecule mechanisms differed; the former
was attributed to disruption in cell junction maintenance, and the latter to increased
cell proliferation, although no further exploration was performed (Saarikangas et al.,
2011; Xia et al.,, 2010). On the other hand, there has been no report of kidney
dysfunction in the Baltimore model, and instead it was shown to accumulate significant
B cell malignancies due to impaired chemokine receptor internalization and motility(Yu
etal., 2011, 2012). Despite being the most published, results from the Baltimore model
may be difficult to interpret due to the recent report that MTSS1 expression is not fully
knocked out in a variety of tissues (Fahrenkamp et al., 2017).

Neural phenotypes have been reported in the Finnish model, which showed

widespread behavioral defects that increased with age and spinogenesis disruption
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Table 1. Summary of MTSS1 knockout mouse models.

Decreased

Model Genotype Strategy lifespan ? Phenotypes Neural Phenotypes Limitations References
Expresses truncated form
. ; that lacks first 81 amino
" MTSS1 /- mice | Defectsin kidney | COMPlex but fairly mild acids (part of the I-BAR
ene : A behavorial defects. Attenuated :
o targeting: stop bfzcame sickand gplthglua intercellutar excitatory synaptic domaln) due to use °.f " Saarikangas (2011)
Finnish | Mtss1-/- % died at around 8- | junctions, altered i st alternative promoter in intron ’
codon in exon 5 transmission to Purkinje cells. Saarikangas (2015)
1 18 months due to | bone metabolism Morphological defect in 3. Does not appear to be
renal failure. (secondary effect). 5 inp engi & expressed in cerebellum, but
pinog ’ unknown if expressed in
brain.
S 12 month KO mice rotarod
Kansas Mtss1 -/- Gene trap: ® ijgz{;sx;:ii?‘a;n A deficiency, death of Purkinje f":::nfzz:’n:eﬁ’r'r&fﬁ?:g ::gfé Xia (2010)
City intron 1 cysts cells aorund 12 months, Efnnish model Sistig (2017)
: granule cell migration defect 2
Increased propensity
MTSS1-/-died | todevelop Was reported to only Yu (2011)
Gene trap: between 14 to 24 | aggressive B cell decrease MTSS1 levels by | Yu (2012)
Baltimore | Mtss1 -/- intron 3 . mo, presumably | lymphomas (2012) | None reported 50% due to use of host splice; Zhan (2016)
related to B-cell | increased acceptor sequence instead of| Li (2017)
malignancies. hematopoietic stem the delivered sequence. Fahrenkamp (2017)
cell homing (2016).
| Gene 3 f Not assessed, but possible .
Japan gf:;},g‘_’g?: X, targeting: no y&ﬁ:f:ﬁﬁz‘;ﬁggz n expression of exons 1-3 (first I((zz:)v;gl))ata Gelralth
floxxed exon 4 J 69 amino acids of I-BAR)
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(Saarikangas et al., 2015). The Kansas City model also showed an age-dependent
decrease in cerebellar-related functions and Purkinje cell death (Sistig et al., 2017).
However, it is unclear whether the decreasing kidney function and increasing inability
to regulate electrolyte homeostasis may have contributed to these age-dependent
changes in behavior.

Other MTSSL1 functional studies at the cellular level have shown that although
it is implicated in several diverse signaling pathways, its major activity is associated
with regulation of actin dynamics as a scaffolding protein. Multiple studies have
demonstrated that changes in MTSS1 level consistently lead to actin-based
morphological restructuring, such as induction of lamellipodia, membrane ruffles, and
filopodia (Bompard, 2005; Gonzalez-Quevedo, 2005; Woodings et al., 2003). Other
phenotypes included disassembly of stress fibers (Mattila, 2003; Woodings et al.,
2003), accumulation of actin at cell junctions, increase in cell adhesion, and regulation
of receptor endocytosis. In addition to the direct effect MTSS1 may have on the
cytoskeleton via its WH2 domain, these changes are largely attributed to the number
of actin-binding or regulating proteins that interact with the SRD-PRD domains of

MTSS1.

Cortactin, an activator of the actin nucleator ARP2/3, has been shown to bind
to the PRD of MTSS1, and its activation of ARP2/3 is upregulated in the presence of
MTSSL1 in vitro (Lin et al., 2005). However, a following study reported MTSS1-
dependent indirect downregulation of cortactin due to change in phosphorylation
status, obscuring how the direct binding may function in vivo (Bershteyn et al., 2010).
DAAM1, a member of the formin family of actin nucleators, was shown to be a binding
partner of MTSS1, although the authors did not explore how this binding impacted

DAAM1-specific actin dynamics (Liu et al., 2011).
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MTSS1 involvement in the positive regulation of the Sonic Hedgehog (Shh)
pathway was described in two studies; the first demonstrating MTSS1 binding to the
Gli and Sufu transcription factors and mediation of signaling, and the second reporting
MTSS1 knockdown-dependent defects in primary cilium formation, known to be the
hub of Shh signaling (Bershteyn et al., 2010; Callahan, 2004). While aberrant
upregulation of the Shh pathway has been reported in many cancers (Rimkus et al.,
2016), it is unclear whether the MTSS1-dependent decrease in Shh signaling may

contribute to the metastatic potential of the cancers described above.
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1.2.3 MTSS1 in neurons

While the majority of MTSS1 molecular studies have focused on its function in
epithelial or cancer cells, only a few studies have explored its function in the brain. In
the central nervous system, MTSS1 expression was first noted in Purkinje cells
(Mattila, 2003), with increasing expression during the period in which Purkinje cells
elaborate their dendritic arbors, and high maintenance throughout adulthood
(Glassmann et al., 2007; Hayn-Leichsenring et al., 2011). MTSSL1 is also transiently
expressed in cerebellar granule cells from the time they are born until they reach their
final position in the internal granule layer, around P15-P21, suggesting that MTSS1
may be involved in neuronal migration (Glassmann et al., 2007; Holst et al., 2008).
Interestingly, Glassmann and colleagues demonstrated that granule cells exhibited a
developmental switch in MTSS1 splicing isoform expression, from using exon 12 to
12a, although it could not be determined whether Purkinje cells also underwent a

similar switch.

Subcellular localization of MTSS1 in neurons was first described to be localized
diffusely throughout the somatodendritic compartment with minimal axonal localization
(Hayn-Leichsenring et al., 2011; Saarikangas et al., 2015). Hayn-Leichsenring and
colleagues showed polarized MTSS1 accumulation on the axonal side of the soma;
however, no functional assessment of this localization was performed, and since then

there have been no reports of this distribution.

The first functional investigation of MTSSL1 in neurons was reported in 2015,
demonstrating that MTSS1 regulated cytoskeletal dynamics and dendritic spine
initiation (Saarikangas et al., 2015). The authors first noted expression of MTSS1 in

the pyramidal neurons of the adult hippocampus, and demonstrated that it
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accumulated at future dendritic protrusion initiation sites. Using the Finnish MTSS1
knockout mouse, the authors hypothesized that MTSS1-dependent disruption in
spinogenesis was an underlying cause of a variety of behavioral and
electrophysiological defects observed in this mouse. They further showed that the I-
BAR domain was important for binding to the membrane and accumulating P1(4,5)P2,
followed by ARP2/3-dependent actin polymerization and subsequent outward

protrusion.

In cerebellar granule cells, overexpression of MTSS1 was shown to increase
dendrite formation that could be abrogated either by mutation of the I-BAR domain or
inhibition of PI1(4,5)P2 signaling, and reduce dendrite formation when knocked down
(Yu et al., 2016). While the requirement of the I-BAR domain and PI(4,5)P2 signaling
was consistent between the two studies, Saarikangas et al. reported that the WH2
domain was dispensable for dendritic protrusion initiation, whereas Yu et al.
demonstrated that truncation of the WH2 domain inhibited the MTSS1-dependent
increase in dendrite formation. These conflicting results suggested that the importance
of the MTSS1 WH2 domain may differ depending on use (dendrite vs dendritic

protrusion initiation) and neuron type (hippocampal vs granule cell).

Knockout of MTSS1 in the Kansas City model demonstrated that MTSS1 was
indeed required for granule cell migration (Sistig et al., 2017). Mispositioned granule
cells could be observed throughout the cerebellar cortex, and cultured cells showed a
decrease in migration. The authors reported that cultured MTSS1 knockout granule
cells also showed reduced neurite formation, which could be rescued by expression
of the exon 12a, but not exon 12, splicing isoform. Furthermore, the authors noted

severe Purkinje cell degeneration and cell death at 12 months, which was ablated
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when MTSS1 was specifically re-expressed in Purkinje cells. Although Purkinje cell
death was not reported in the Finnish mouse, it remains to be clarified if reduced
Purkinje cell viability contributes to the later-stage cerebellar-related behavior defects

reported earlier.

In summary, while neuronal MTSS1 has been shown to be involved in the
morphological regulation of several neuronal subtypes, it remains unclear which, and
to what extent, the wide range of reported MTSS1 functions is utilized in each of these

cells.
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1.3 NEURONAL ACTIN

1.3.1 Introduction to actin

Actin is a 43-kDa, ATP-binding protein that can be present either in a
monomeric (G-actin) or polymerized (F-actin) state. Actin’s highly dynamic turnover
between these forms allows rapid F-actin assembly and disassembly that, when
combined with further organization into a number of higher-order structures, makes it
a highly-responsive and essential component of the cytoskeleton. Actin associates
with a vast array of actin-binding proteins (ABPs) that can control F-actin dynamics,
localization, and force generation in numerous cellular processes, including provision
of physical support, facilitation of signal transduction, generation of mechanical force,

and aiding of trafficking and translocation of intracellular components.

In vitro, G-actin can be polymerized from both ends of F-actin; however, due to
the inherent polarity of G-actin and orientation of each monomer when polymerized,
the two ends of F-actin have different physical properties and thus different critical
concentrations (concentration at which G-actin and F-actin remain at equilibrium). F-
actin consists of a “barbed” end (or “+” end), at which G-actin incorporation is

preferentially incorporated, and a “pointed” end (or “-” end) that has a higher critical
concentration leading to a lower rate of G-actin incorporation (Figure 8A-B). This
difference in critical concentrations leads to polarized F-actin, in which polymerization
occurs faster at the barbed end. Although these critical concentrations can be
modulated by varying conditions such as divalent cation availability, ionic strength,
and nucleotide state of the actin monomer (Carlier et al., 1987; Fujiwara et al., 2007,

Gordon et al., 1977; Pollard, 1986), it has been shown that the barbed end always has

a lower critical concentration than the pointed end. In physiological conditions, this
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Figure 8. Basic actin dynamics.

(A) ATP-bound actin monomers are nucleated in an energy-unfavorable step. (B)
Elongation proceeds with more ATP-bound actin being added to the barbed (+) end
compared to the pointed (-) end. (C) The intrinsic ATPase activity of actin hydrolyzes
ATP to ADP, which is pushed to the pointed end of F-actin. In the cell, capping and
severing proteins can further modulate elongation dynamics. Panels A-C modified
from Nurnberg, Kitzing, and Grosse (2011), with permission.
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contributes to a phenomenon called “treadmilling” in which sections of an F-actin
appear to move by preferential addition of G-actin on one end and depolymerization
on the other (Figure 8C). This treadmilling can be further facilitated by preferential

severing of F-actin near the pointed end by proteins such as cofilin and gelsolin.

Polymerization of F-actin can be divided into two steps: the initial nucleation of
actin monomers into a short oligomer, followed by subsequent elongation. Nucleation
of the first three actin monomers is the most energy-intensive and rate-limiting step
due to dimer instability (Sept and McCammon, 2001), and does not occur
spontaneously in vivo (Pollard, 2007). In physiological conditions, cells require
nucleating factors to aid in overcoming this energy barrier. Nucleators include the
Arp2/3-complex, which nucleate new F-actin on preexisting F-actin at fixed angles
(Figure 9A), the formin family that share the conserved FH1-FH2 domains and
nucleate linear, unbranched F-actin de novo (Figure 9B), and the newly identified
WH2-containing nucleators such as Spire and Cordon-Bleu. Thus, nucleation of F-
actin is a major strategy in which the cell can control the localization and timing of F-
actin formation, as well as the local shape of the actin network (Sept and McCammon,

2001).

On the other hand, the elongation that occurs after nucleation is dependent on
incorporation of G-actin at the barbed end and can occur spontaneously at a rate
linearly proportional to the concentration of available actin monomers (Pollard, 1986).
Although the intracellular concentration of actin has been estimated to be in the order
of tens to hundreds of micromolar (Wu and Pollard, 2005), which is many times higher

than the barbed end critical concentration, elongation is tightly controlled in cells by
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Figure 9. Nucleation of actin.

(A) The ARP2/3 complex nucleates new F-actin on the side of preexisting filaments
at a fixed, 70° angle. ARP2/3 requires activation by nucleation promoting factors,
such as the pictured N-WASP, as well as WAVE, WASH, and cortactin. (B) Formins
share conserved FH1 and FH2 domains. When dimerized, the FH2 domain can
nucleate F-actin de novo, and the FH1 domain binds to profilin-actin complexes and
processively elongates F-actin. Modified from Ireton (2013), with permission.



sequestration of the majority of G-actin by monomer-binding proteins such as profilin

and thymosin b4, and capping of barbed ends by CapZ or adducin.

Control of the F-actin network in the cell is tightly regulated via coordinated
activation and deactivation of actin nucleators, elongators, cappers, and disassembly
factors. Recent evidence has suggested a homeostatic interplay among these factors
in which ABPs can compete for G-actin or in some cases compensate for one another
(Burke et al., 2014; Chesarone and Goode, 2009; Gao and Bretscher, 2008; Rotty et
al., 2015; Suarez et al.,, 2015). Thus, ample care is needed for interpretation of

experiments that perturb actin assembly factors or actin levels.
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1.3.2 Actin in dendritic protrusions

The actin organization within dendritic protrusions is a topic of intense study
due to its important role in the formation and elimination, motility and stability, and
morphology of dendritic protrusions in response to a multitude of stimuli (Chazeau et
al., 2014; Hotulainen and Hoogenraad, 2010; Luo, 2002). Both linear and branched F-
actin are found throughout the entire spectrum of dendritic protrusion morphologies
(Korobova and Svitkina, 2010). Replica electron microscopy of dendritic filopodia have
shown actin structure fairly dissimilar to that of canonical filopodia, containing
unbundled, bidirectional arrangements of F-actin (Korobova and Svitkina,
2010)(Figure 10A). This suggested the presence of actin binding proteins in dendritic
filopodia not normally ascribed to canonical filopodia, such as multiple nucleation
factors and myosin contractibility (Hotulainen et al., 2009; Wegner et al., 2008). It is
hypothesized that this arrangement facilitates the rapid morphological changes
observed in dendritic protrusions, such as spine head formation and neck constriction

(Figure 10B).

Consistently, a number of recent studies have demonstrated the importance of
both branched and linear F-actin nucleation for achieving dendritic protrusion
morphology (Glebov and Burrone, 2016; Hotulainen et al., 2009; Miermans et al.,
2017; Spence et al., 2016). It is generally believed that the more filopodia-like dendritic
protrusions rely on actin nucleated by linear actin nucleators such as formins, whereas
change into a more bulbous spine shape depends on relatively higher activity of the
branched-actin nucleator ARP2/3 (Figure 11A). Furthermore, recent observations
have suggested that in the small volume of such dendritic protrusions, the presence
of multiple actin nucelators may compete with one another for available monomeric

actin, resulting in mutual inhibition
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How these different nucleators function in the developing dendritic protrusion
remains to be clarified, particularly in the early stages when most protrusions appear
filopodia-like. The dynamic extensions and retraction of thin, filopodia-like dendritic
protrusions suggests coupling with the concomitant necessity of membrane-bending.
In this study, | explored the membrane-bending and actin-binding protein MTSS1 and

its involvement in the regulation of two actin-nucleating pathways.
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Figure 10. Actin organization in neuronal dendritic protrusions.

(A) Although visually similar, the internal actin organization is significantly different
between conventional and dendritic filopodia. F-actin in dendritic filopodia are
oriented in both directions, unbundled, and nucleated by both ARP2/3 and formins.
Modified from Hotulainen and Hoogenraad (2010), with permission. (B) In the
small volume of dendritic protrusions, actin dynamics are regulated by a number
of actin-binding proteins during development. Modified from Lei et al. (2016), with
permission.
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Figure 11. Multiple actin nucleators are found in dendritic protrusions.

(A) Rapid change along the spectrum of dendritic protrusions morphologies is
mediated by the presence of multiple actin nucleators. Filopodia-like protrusions
are supported by more linear actin nucleated by formins. Bulbous mushroom-like
spines on the other extreme of the spectrum are supported by a wide, branched
actin network dependent on relatively higher ARP2/3 activity.
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CHAPTER 2. RESULTS
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2.1 CHARACTERIZATION OF MTSS1 LOSS IN PURKINJE CELLS

1.1.1 Invivo loss

To understand the cell-autonomous function of MTSS1 in Purkinje cells, | used
MTSS1 conditional knockout (cKO) mice first developed by Masayoshi Mishina’s lab
(University of Tokyo) in 2011 that was given to the Kengaku lab in 2012. In brief, the
fourth exon of Mtssl was flanked by two loxP sites, which ensured bypassing the
alternative promoter in exon 3 that was reported to result in a truncated form of
MTSS1(Saarikangas et al., 2011). Homologous floxxed mice were then crossed with
a transgenic Cre line under the control of the GIuRd2 promoter. This promoter has
been previously used as a Purkinje cell-specific promoter which begins expression

around embryonic day 15 (Takayama et al., 1996).

| did not observe late-stage Purkinje cell death as reported in the Kansas City
knockout model (Sistig et al., 2017)(Figure 12A). Furthermore, | observed no gross
anomalies in cerebellar formation or layer formation (Figure 12B). While abnormalities
in Purkinje cell function often manifests in defects in motor coordination and learning
(Cendelin, 2014; Raymond et al., 1996), cKO mice showed no obvious behavioral
anomalies associated with major Purkinje cell disfunction; however, | did not perform
any quantitative behavioral analysis. This is consistent with previous reports, in which
global loss of MTSS1 did not result in mice showing major motor coordination
difficulties, until tested at 1 year with more sensitive tests (Saarikangas et al., 2015;

Sistig et al., 2017).

While MTSSL1 loss was confirmed in the Mishina lab using antibodies generated

in house, | also confirmed loss of MTSS1 expression in Purkinje cells by immuno-
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Figure 12. Gross histology of cKO mice is not changed.

(A) Sagittal sections of a 14-month-old WT mouse (left) and 16-month-old cKO
mouse (right), stained with the PC-specific marker calbindin (magenta) and DAPI
(cyan). No change in size or layer formation can be observed. Neither calbindin-free
patches of degenerated PCs not ectopias of granule cells are seen. (B)
Quantification of molecular layer height from two WT and two cKO female P35 mice,
measured from multiple points in lobes V-V of mid-sagittal sections show no change.
Mean + SEM.
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Figure 13. Confirmation of PC-specific MTSS1 knockout.

(A-B) Sagittal cerebellar sections showing endogenous staining of PC marker
calbindin and MTSS1 from WT (top) and cKO (bottom) mice at (A) P7 and (B) P14.
(C) Western blot of cerebellar lysate from 3-month-old WT and cKO mice
demonstrating complete ablation of MTSS1 and specificity of anti-MTSS1 antibody.
Scale bars 50 um.
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histostaining of cerebellar slices from postnatal days 7 (P7) and P35 mice (Figure
13A-B) using a commercial antibody that binds to the C-terminus of MTSS1. This
confirmed that our knockout model did not express the truncated form of MTSS1
previously reported in the Finnish knockout model. | further confirmed complete
knockout by western blot analysis of cerebellar lysates from 3-month-old mice (Figure

13C).

To analyze the in vivo morphology of individual Purkinje cells in cKO mice, |
sparsely labeled cells with GFP by performing intracerebellar injection with adeno-
associated virus (AAV) carrying a GFP expression construct. Mice were injected at P1
and sacrificed at P7,9,14, and 35 (Figure 14A). As early as P7, Purkinje cells clearly
showed dendritic morphology defects. Dendritic arbors were smaller in cKO Purkinje
cells and the density near the soma appeared lower. At the later stages P14 and P35,
reduction in total arbor size was more evident, as was the narrowing of the arbor and
loss of dendrites proximal to the soma. Quantification at these time points showed a
40% decrease in total dendritic length (WT, 3530 = 189 um; cKO, 1970 + 142 pm;
mean + SEM) and branch points (WT, 233 + 11; cKO, 136 = 9) at P14 and a 30%
decrease in total dendritic length (WT, 6710 £ 330 pum; cKO, 4620 + 203 um) and

branch points (WT, 377 £ 10; cKO, 254 + 10) at P35 (Figure 14B-C).

Purkinje cells in vivo will generally have a single, easily identifiable, thick
dendrite extending from the soma which bifurcates into two daughter branches of
equal thickness (Figure 14D). | observed that cKO Purkinje cells had much thicker
and longer primary dendrites. By P35, it could be observed that cKO Purkinje cells
had primary dendrites that appeared much thicker and longer, with bifurcation far from

the soma (WT, 36 = 4 um; cKO, 98 + 7 um) (Figure 14E).
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Figure 14. Loss of MTSS1 decreases dendrite complexity in PCs.

(A) Representative images of PCs labelled with AAV-GFP in sagittal cerebellar
sections from WT (top) and cKO (bottom) mice at indicated ages. (B) Quantification
of total dendritic length and (C) total number of branch points from AAV-GFP-
labelled PCs at indicated ages reconstructed and traced using Imaris software.
n=10-11 neurons per condition. (D) Diagram illustrating PC dendrite classification
and (E) quantification of primary dendrite length in mature PCs (P35). N 217
neurons per condition. (F) and (G) Sholl analyses of AAV-GFP-labelled PCs
reconstructed in Imaris software at ages P14 (F) and P35 (G). N=9-11 neurons per
condition. All data show mean + SEM. Scale bars 50 um. ****p < 0.0001.
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Next, | performed a Sholl analysis, which measures the number of dendritic
intersections across concentric circles sharing a common center at the soma. Loss of
MTSS1 resulted in a decrease in proximal dendritic density at both P14 and P35 when
compared with WT (Figure 14F-G). However, the density of dendrites returned to WT
levels at distal regions of the arbor. Given that the width of the arbor at distal regions
was also generally reduced, this suggested a denser packing of dendrites at the later
stage of dendrite development; however, no dendrite crossings could be observed.
Instead, | observed that intersegmental length seemed shorter in cKO cells, although

this was not quantified.

Observation of Purkinje cells at higher magnification revealed that the dendritic
protrusions were noticeably longer in cKO cells (Figure 15A). Due to differences in
dendritic protrusion morphological classification among neuronal subtypes, | took
unbiased measurements of all protrusions without selection of a particular class.
Dendritic protrusion length was clearly increased at both P14 (WT, 0.63 + 0.01 pum;
cKO, 0.94 + 0.01 pum), and P35 (WT, 0.70 = 0.01 pum; cKO, 0.91 + 0.01 ym) (Figure
15B). Most surprising was that loss of MTSS1 showed no significant decrease in
dendritic protrusions, as previously reported (Saarikangas et al., 2015)(Figure 15C).
Because it was reported that the I-BAR domain of MTSS1 was responsible for
dendritic protrusion density, | stained cultured Purkinje cells for ABBA1 and IRSp53
(Figure 16A-B), both of which contain a highly conserved I-BAR domain (Yamagishi
et al., 2004). Although their expression was not restricted only to Purkinje cells, clear
localization at the tips of dendritic protrusions could be observed (Figure 16C-D). This
suggests the possibility that the I-BAR-dependent dendritic protrusion initiation may

be mediated by redundant proteins.
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Figure 15. MTSSL1 loss increases dendritic protrusion length, but does not
affect density in PCs.

(A) Distal dendrites and their dendritic protrusions at indicated ages in WT and
cKO PCs labelled with AAV-GFP. (B) Quantification of distal dendritic protrusion
length in WT and cKO PCs. (C) Quantification of distal dendritic protrusion density
in P14 mice. All data show mean £+ SEM. Scale bars 3 um. ****p < 0.0001.
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Figure 16. I-BAR proteins are expressed in PCs and show localization in
dendritic protrusions.

(A-B) In situ hybridization of P56 mice shows (A) ABBA1, also known as MTSSIL,
and (B) IRSp53, also known as BAIAP2, highly expressed in the PC layer (insets).
Images from the Allen Brain Atlas. (C-D) Immunostaining of (C) ABBA1 and (D)
IRSp53 in 15DIV culture confirms expression in PCs. Boxed region and arrow shows
localization in dendritic protrusion. Upper images are z-projections to show
expression in the soma, lower images are single slices to better visualize the
dendritic protrusions.
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1.1.2 Invitro loss and live imaging

| next confirmed whether mutant Purkinje cells cultured in vitro showed similar
morphological defects as Purkinje cells in vivo. Mutant Purkinje cells expressing GFP
in dissociated cerebellar tissue cultures from P0.5 mice showed similar loss of
dendritic complexity (Figure 17A), with ~60% decrease in total dendritic length and
~55% decrease in branch points at 12 days in vitro (12DIV) (Figures 17B-C). While
Purkinje cells cultured in vitro often lose polarity and form multiple primary dendrites,
cKO Purkinje cells instead showed a decrease in primary dendrite number (-46%)
(Figure 17D). Of note, cKO Purkinje cells looked morphologically similar to those in

vivo, with more obvious loss of branches proximal to the soma.

| performed lower magnification long-term live imaging of growing Purkinje cells
in culture to determine whether this MTSS1 loss-dependent decrease in dendrite
complexity was due to problems in dendritic initiation and formation or increased
retraction. WT neurons imaged from DIV 7-11 started growth with frequent, robust
extension of dendrites on several primary dendrites, and showed occasional dendritic
retraction. On the other hand, cKO Purkinje cells showed significantly more dendritic
retraction despite showing a similar robust growth of dendritic branches (Figure 18A).
Quantification of individual branch dynamics showed increased extension speed in
cKO cells and no change in bifurcation until later in development, likely reflecting the
increased branch density observed at distal regions (Figure 18B-C). These results
suggested that the arbor phenotype observed was a result of increased retraction
proximal to the soma and not a transient reduction in dendrite formation. Using Sholl
analysis | observed the peak of dendrite intersection in WT cells gradually broaden,

reflecting the addition of new dendritic segments by bifurcation of the dendritic tips.
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Figure 17. Cultured cKO PCs show similar decrease in dendritic complexity.

(A) Representative images of PCs transfected with GFP in dissociated cerebellar
cultures of WT (left) and cKO (right) mice at 12DIV. (B-D) Quantification of total
dendritic length (B), number of branch points (C) and primary dendrites (D). N=17-
24 neurons per condition. All data show mean + SEM. Scale bars 20 pym. ****p <
0.0001.
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Figure 18. Live imaging showed increased dendrite retraction in cKO
PCs.

(A) Quantification of eliminated dendrite events observed during time-lapse
imaging of PCs. One event was counted on the last frame of retraction. 4
neurons per condition. (B) Quantification of rate of elongation for extending
dendrites. n=18-27 branches for each DIV and phenotype. (C) Quantification of
the probability a dendrite would bifurcate in a given day. The tip of a dendrite
that showed growth from 7DIV to 11DIV was tracked, and probability was
calculated as the fraction of frames a bifurcation event was observed in a given
day. n=23 branches for both WT and cKO, mean + SEM. (D-E) Time-dependent
Sholl analyses of developing PCs in WT (D) and cKO (E) cultures observed
during time-lapse imaging. n = 4 per condition. All data mean + SEM. *p < 0.05,
**p < 0.01, ***p < 0.0001.

52




On the other hand, cKO cells showed a marked reduction of dendrite density proximal

to the soma as the cell developed (Figure 18D-E).

Similar to Purkinje cells in vivo, cultured cells showed dendritic protrusions
much longer than wildtype Purkinje cells (Figure 19A). Measurement showed cKO
Purkinje cells were also significantly longer than WT cells (WT, 0.98 = 0.02 pum; cKO,
1.60 + 0.03 um), and the range of lengths was significantly increased (Figure 19B).
Live imaging showed that these dendritic protrusions were highly dynamic with
frequent extension and retraction, suggesting that the observed range of dendritic
protrusion lengths was more reflective of the spectrum an individual dendritic

protrusion may take on.
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Figure 19. Dendritic protrusions in cKO PCs showed significant increase in
length.

(A) Representative images of distal dendritic segments from PCs transfected with
GFP in dissociated WT (left) and cKO (right) cerebellar cultures at 12DIV. (B)

Distribution of WT (n = 540) and cKO (n = 572) dendritic protrusion lengths in 12DIV
PCs. Scale bars 3 pm.
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1.1.3 MTSSLI1 truncate rescue experiments

To better understand the role MTSS1 may be playing in Purkinje cells, |
performed rescue experiments using full-length and truncated forms of MTSS1
transfected into cKO Purkinje cells at ODIV (Figure 20A-D). By 12DIV, cKO cells
transfected with full-length GFP-tagged MTSS1 showed dendritic complexity similar
to that of WT cells transfected with GFP, and was significantly increased compared to
cKO cells transfected with GFP only (WT + GFP, 1312 + 52 um; cKO + GFP, 560 +
32 um; cKO + MTSS1, 1396 £ 51 pum). Expression of the N-terminal I-BAR domain on
the other hand did not rescue the cKO phenotype, and rather exasperated the
polarized morphology (cKO + I-BAR, 611 + 63 um). Expression of the C-terminal
portion of MTSS1, which includes the SRD, PRD, and WH2 domains, showed rescue
of the dendritic phenotypes; however, the dendrites were still slightly reduced in
complexity compared to WT cells (cKO + C-MTSS1, 1070 = 58 pm). Further removal
of the WH2 domain maintained the ability to rescue the dendritic phenotype (cKO + C-
MTSS1 AWH2, 1376 = 97 um), demonstrating that loss of MTSS1’s WH2 domain did
not underlie the morphological phenotype observed in cKO Purkinje cells, and that the

SRD-PRD portion of MTSS1 was important for dendritic development.

Further examination at higher magnification showed full-length GFP-MTSS1
localized throughout the dendritic arbor and accumulation in dendritic protrusions,
although with no clear membrane localization (Figure 21A-B). cKO Purkinje cells
expressing moderate levels of GFP-MTSS1 showed complete rescue in dendritic
protrusion length (WT, 0.98 + 0.02 um; cKO + GFP, 1.60 = 0.03 um; cKO + MTSS1,
1.02 + 0.02 um). As expected, GFP-I-BAR was highly localized to the membrane and

induced very thin, long dendritic protrusions in cKO Purkinje cells (1.76 = 0.04 um),
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Figure 20. Expression of the SRD-PRD domains of MTSS1 rescues the cKO

dendritic phenotype.

(A) Schematic of MTSS1 constructs. (B-C) Quantification of total dendritic length
(B), and total number of branch points (C), N= 11-24 neurons per condition. (D)
Representative images showing GFP signal of 12DIV WT and cKO PCs in
dissociated cerebellar cultures, transfected at ODIV with GFP or GFP-MTSS1
constructs. All data show mean = SEM. Scale bars 20 pm.**** p <0.0001.
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Figure 21. Expression of the SRD-PRD domains of MTSS1 rescues the cKO
dendritic protrusion phenotype.

(A) Representative GFP and calbindin images of dendritic segments from 12DIV
WT and cKO PCs in dissociated cerebellar cultures, transfected at ODIV with GFP
or GFP-MTSS1 constructs. (B) Quantification of dendritic protrusion lengths. Data
show mean £ SEM. Scale bars 3 um. **** p <0.0001.
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and accumulation at the tips of some protrusions could clearly be seen. Both GFP-C-
MTSS1 and GFP-C-MTSS1AWH2 showed diffuse localization throughout the
dendritic shaft and protrusions and, consistent with their rescue of the dendritic arbor,
resulted in a rescue of dendritic protrusion length (C-MTSS1, 1.04 + 0.02 um; C-
MTSS1AWH2, 1.03 + 0.02 ym), These results indicate that the C-terminal SRD and

PRD is critical for MTSS1 regulation of dendritic protrusion and arbor morphology.
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1.2 IDENTIFICATION OF MTSS1 DOWNSTREAM PATHWAYS

1.2.1 Upregulation of ARP2/3

MTSS1 function in hippocampal neurons was first reported as a regulator of
dendritic protrusion formation, via upregulation of ARP2/3 activation by the
accumulation of the I-BAR domain at the membrane (Saarikangas et al., 2015). | first
wanted to confirm that this upregulation of the ARP2/3 pathway was also present in
Purkinje cells. | transfected wildtype dissociated cerebellar culture with GFP-MTSS1
at ODIV and observed the morphological phenotype at DIV12. Overexpression of
MTSS1 resulted in dendritic protrusions that appeared much more bulbous than
dendritic protrusions transfected with only GFP (Figure 22A). | observed that
overexpression of MTSS1 very slightly reduced the length of dendritic protrusions (WT,
1.02 + 0.02 pum; WT+MTSS1, 0.89 + 0.02 um), consistent with previous data
(Saarikangas et al., 2015). Next, | treated Purkinje cells with the ARP2/3 inhibitor CK-
666 (20 uM), which binds at the interface of the Arp2 and Arp3 subunits and stabilizes

the inactive state of the ARP2/3 complex (Baggett et al., 2012).

Wildtype cells overexpressing GFP-MTSS1 and treated with CK-666 lost their
bulbous morphology and showed rescue back to a dendritic protrusion morphology
reminiscent of wildtype cells. On the other hand, treatment of wildtype control cells
showed inhibition of ARP2/3 resulted in 57% lengthening of dendritic protrusions
(WT+CK-666, 1.61 + 0.03 um), which was not observed in the cells overexpressing
MTSS1 (WT + MTSS1 + CK-666, 1.13 = 0.03 um) (Figure 22B). Lengthening of
dendritic protrusions or filopodia after Arp2/3 inhibition has been previously reported
(Hotulainen et al., 2009; Kim et al., 2013; Spence et al.,, 2016), and it has been

suggested that when Arp2/3 is inhibited, the formin family of actin binding proteins may
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Figure 22. MTSS1 upregulates ARP2/3 activity in PC dendritic protrusions.

(A) Representative images of 12DIV WT PCs transfected at ODIV with either GFP
(left) or GFP-MTSS1 (right) and treated with either vehicle (top) or 20 pum of the
ARP2/3 inhibitor CK-666 for 24 hr prior to fixation. (B) Quantification of dendritic
protrusion lengths in PCs described in (A). Data show mean + SEM. Scale bars 3
um. **p < 0.01, **** p <0.0001.
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compensate (Burke et al., 2014; Rotty et al., 2015; Suarez et al., 2015). Thus, |
hypothesized that overexpression of MTSS1 may somehow inhibit the compensatory
morphological change in CK-666-treated Purkinje cells, possibly upregulating formin

activity.
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1.2.2 Downregulation of formin

In order to test whether MTSS1 was downregulating formin(s) activity, | acutely
treated WT and cKO Purkinje cell cultures with the pan-formin inhibitor SMI-FH2 (10
HMM). | observed that treatment for longer periods of time resulted in poor culture health
and retraction of dendrites. | performed live imaging of dendritic protrusions both
before and after the addition of SMI-FH2, and observed that within 30 minutes of drug
application, wildtype cells showed little change in dendritic protrusion length with
formin inhibition. On the other hand, cKO cells treated with SMIFH2, which initially
showed long dendritic protrusions prior to drug addition, shortened significantly. To
better quantify this, | fixed cultures 10 minutes after drug application, took higher
magnification images, and measured the dendritic protrusion lengths (Figure 23A).
While WT dendritic protrusions only decreased by 19% in length after formin inhibition
(WT control, 1.07 £ 0.02 pm; WT + SMIFH2, 0.86 + 0.02 um), cKO cells decreased
33% in length (cKO control, 1.44 + 0.02 pm; cKO + SMI-FH2, 0.97 £ 0.01 pm) (Figure

23B) supporting the hypothesis that loss of MTSS1 upregulated formin activity.
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Figure 23. MTSS1 downregulates formin activity in PC dendritic protrusions.

(A) Images of 12DIV WT (left) and cKO (right) PCs transfected at ODIV with GFP
and treated with either vehicle (top) or 10 pum of the formin inhibitor SMI-FH2 for 10
minutes prior to fixation. (B) Quantification of dendritic protrusion lengths in PCs
described in (A). Data show mean + SEM. Scale bars 3 um. **** p <0.0001.
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1.2.3 Characterization of DAAML in Purkinje cells

Next, | aimed to identify which formin MTSS1 may be negatively regulating in
Purkinje cells. A previous study demonstrated that the Xenopus MTSS1 interacted
directly with the catalytic domain of Xenopus DAAM1, a member of the diaphanous-
related formin family (Liu et al., 2011). Furthermore, DAAM1 had been shown to be
involved in protrusion formation activity (Hoffmann et al., 2014, Jaiswal et al., 2013;

Saengsawang et al., 2013; Tsuji et al., 2010).

While a previous study reported that in the adult cerebellum, DAAM1 was most
strongly expressed in Purkinje cells (Kida et al., 2004), | first confirmed by western blot
that DAAM1 was strongly expressed in the cerebellum throughout development and
into adulthood (Figure 24A). | followed up by immunofluorescent analysis of cultured
Purkinje cells and observed that WT Purkinje cells at 12DIV showed DAAM1
localization throughout the length of the dendritic protrusion, with accumulation at the
tip in a subset of more filopodia-like protrusions (Figure 24B-E). This localization was
consistent with a previous report that DAAM1 was expressed in hippocampal neuronal
dendrites (Salomon et al., 2008). Co-labeling MTSS1 showed that many, although not

all, of the DAAML1 puncta overlapped with MTSS1 in the dendritic protrusions.

In an attempt to see if upregulation of DAAM1 activity resulted in the lengthening
of dendritic protrusions, as seen in cKO Purkinje cells, | cotransfected various amounts
of constitutive active DAAML1 into Purkinje cell cultures with a TdTomato transfection
marker. Even at low plasmid concentrations, no TdTomato-expressing Purkinje cells
could be observed past 3-4DIV, unlike control cultures cotransfected with GFP and
TdTomato. This suggested that persistent DAAML1 activity was toxic to Purkinje cells.

Because Purkinje cells can only be transfected at ODIV, | generated an inducible,
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Figure 24. DAAML1 is expressed in the developing cerebellum and is localized
in PC dendritic protrusions.

(A) Western blot staining of DAAM1 from cerebellar lysates of WT mice at the indicated
ages. (B-C) Endogenous staining of MTSS1 and DAAML1 in cultured WT PCs at 12DIV.
(D-E) Insets shown in (C) demonstrating colocalization of MTSS1 and DAAM1 within
a subset of dendritic protrusions Scale bars 20 um (B), 3 um(C), and 1 um (D-E).
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Figure 25. Induction of DAAM1 activity transiently increases dendritic
protrusion length.

(A) Dendrite segments from cultured WT PCs transfected with FLEx-GFP (top) or
FLEX-GFP-C-DAAML1 (bottom) and induced at 12DIV with 500 nM 4-OHT for the
indicated times prior to fixation. PCs were transfected at ODIV with a 1:2:3 ratio mix
of CAG:: TdTomato, Pcp2(L7):: CreER™, and CAG:FLEx-GFP- C-DAAM1. (B)
Quantification of dendritic protrusions from PCs as described in (A). (C) Lower
magnification images of cerebellar culture fixed 12 hours after 4-OHT addition,
showing TdTomato-positive PCs were also GFP-positive. Data show mean + SEM.
Scale bars 3 um. *** p <0.0001
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constitutive active construct of DAAM1 using the tamoxifen-inducible FLEx CreERT
system. This allows application of tamoxifen to the culture at the desired time point,
leading to translocation of CreER into the nucleus and flipping the coding sequence of
constitutive active DAAML1 into the correct orientation for transcription. At 6 hour post
tamoxifen addition, the GFP signal was either not visible yet or very weak (Figure
25A). However, cells transfected with GFP-C-DAAM1 showed significantly lengthened
dendritic protrusions (2.18 + 0.03 pum), compared with the GFP control (1.08 = 0.02
pm), as well as compared with Purkinje cells transfected with GFP-C-DAAM1 and
treated with vehicle (1.13 £ 0.02 um) (Figure 25B). 12 hours post tamoxifen addition,
the GFP signal could be more clearly detected in both conditions, and accumulation
of GFP-C-DAAM at the tip of the protrusions could be seen. All Td-Tomato positive
Purkinje cells were confirmed to be positive for GFP signal (Figure 25C); however, at
this time point GFP-C-DAAM expression led to thinning of dendritic protrusions and
initiation of quick dendrite retraction, suggesting poor Purkinje cell health. Therefore,
it appears that only a small change in DAAML1 activity is sufficient for dendritic
protrusion lengthening, and the level of formin activity is very tightly regulated in

Purkinje cells.
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1.3 REGULATION OF DAAM1 BY MTSS1

1.3.1 MTSS1 DAAML1 interaction

While MTSS1 and DAAM1 were shown to associate with one another in the
Xenopus system, | next wanted to confirm that the mammalian orthologues showed
similar association. | first immunoprecipitated DAAML1 from cerebellar lysate collected
from WT mice at P8. MTSSL1 could be clearly detected in the immunoprecipitate and

not in the control IgG immunoprecipitation (Figure 26A).

Next, multiple truncates of GST-MTSS1 fusion proteins were purified and
incubated with lysates from HEK293T cells that had been transfected with GFP-C-
DAAM1 to identify the binding domains necessary for DAAM1-MTSS1 interaction.
While full-length MTSS1 and the C-terminal fragments were able to pull down GFP-C-
DAAM1, the I-BAR domain showed no association (Figure 26B). These results are
consistent with observations from the Xenopus orthologs, suggesting conservation of
the DAAM1 and MTSSL1 interacting residues. Because the C-DAAM truncate includes
the FH1-FH2 domain that is highly conserved among many formins, | performed the
same pulldown experiment using lysates from HEK293T cells overexpressing the C-

terminus of mDial, and confirmed MTSS1 does not interact with mDial.
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Figure 26. The SRD-PRD region of MTSS1 binds to the C-terminus of
DAAML1.

(A) Immunoprecipitation from P8 cerebellar lysate with anti-DAAM1 and IgG as
a negative control. (B) Schematic of DAAM1 domains and constructs. (C) GST
pull-down assays using lysates collected from HEK293T cells transfected with
GFP-C-DAAM1 and GFP-AN3-mDial and truncated MTSS1 proteins.
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1.3.2 Negative regulation of DAAM1 by MTSS1 in mammalian NIH3T3 cells

Observing changes in endogenous actin levels in Purkinje cells is challenging
due to the crowded, multi-layered nature of cerebellar cultures. Thus, to observe how
MTSS1 and its specific domains may regulate DAAM1-dependent changes in actin in
mammalian cells, | cotransfected constitutive active DAAM1 with MTSS1 truncates in
the mouse NIH3T3 cell line. Twenty-four hours after transfection, cells were fixed to
observe endogenous F-actin by phalloidin staining. | confirmed previous observations
that C-DAAM1 expression significantly increases F-actin assembly (Habas et al.,
2001; Higashi et al., 2008) (Figure 27A-B). Co-expression of full length MTSS1 and
its C-terminus, but not the I-BAR domain, prevented this increase in F-actin formation;
however, some cells showed F-actin levels lower than control cells, suggesting that

MTSS1 may have multiple mechanisms of regulating F-actin content.
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Figure 27. The C-terminus of MTSS1 reduces DAAM1-dependent increase in F-
actin content.

(A) NIH3T3 cells transfected with myc-C-DAAM1 and GFP, GFP-MTSS1, GFP-I-BAR,
or GFP-C-MTSS1, and stained with anti-myc, anti-GFP, and phalloidin. Arrows
indicate co-transfected cells. Asterisks indicate higher relative myc-C-DAAM1
expressing cells. (B) Quantification of phalloidin staining intensity in myc- and GFP-
double positive cells described in (A) versus non-transfected cells in the same image.
N=25 for each condition. Data show mean £ SEM. Scale bars 20 pm. **** p <0.0001
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1.3.3 Negative regulation of DAAM1 using SiMS imaging

| next attempted to clarify how MTSS1 was negatively regulating DAAM1
activity. Some formins are known to processively elongate actin, in which a dimerized
formin polymerizes F-actin by continuously adding actin monomers to the barbed end
(Higashida et al., 2004). Because these formins track the growing barbed end, they
can be directly visualized when fused to GFP, using single-molecule speckle
microscopy (SiIMS) in XTC cells. When plated on glass coverslips coated with poly-
lysine, XTC cells form large, thin lamellipodia that allow observation with minimized
obstruction from other planes of focus. Used in combination with transfection of a very
low amount of plasmid, individual complexes tagged with a fluorophore can be
resolved and directly observed without the need for digital reconstruction such as in
PALM or STORM (Higashida et al., 2004, 2008; Ueyama et al., 2016). This method is
a more reliable assessment of a formin’s F-actin elongation activity in vivo than using

biochemical approaches.

| first transfected only GFP-C-DAAML1 to determine whether DAAM1 showed
processive elongation. | could observe single speckles, ostensibly dimerized GFP-C-
DAAM1, traveling at a consistent velocity on the same vector, confirming that DAAM1
has F-actin processive elongation activity (Figure 28A-D). Next, coexpression of C-
DAAM with  mCherry-MTSS1 resulted in slowed speckle movement. Closer
observation showed that some speckles showed occasional pausing during this

processive elongation.

To see if this inhibition of DAAM1 activity was specific, | performed the same
experiments with constitutive active mDial, as well as the constitutive active form of

the less closely related yeast formin Bnil. Both mDial and Bnil showed processive
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Figure 28. Single-Molecule Speckle (SiMS) imaging of GFP-C-DAAM1 shows
slowed movement in the presence of MTSS1.

(A) SIMS imaging showing GFP signal in live XTC cells transfected with GFP-C-
DAAM1. (B) Speckle position per frame from (A). (C) SiMS imaging showing GFP-
C-DAAM1 movement in the presence of mCherry-MTSS1. (D) Speckle position per
frame from images (C) Darker color indicates speckle pause. Scale bars 5 pm.
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elongation, and when cotransfected with mCherry-MTSS1, showed slowing of speckle
speed, suggesting a slower rate of formin-dependent F-actin elongation. When plotting
distance travelled vs time, this becomes more apparent (Figure 29A-C). However, the
pausing behavior observed with DAAM1 could not be observed for either mDial or
Bnil in the presence of MTSSL1. This suggested that the interaction between MTSS1
and DAAM1 may underlie the pausing behavior, and the global slowing of all formins
may be more of an unspecific effect due to the presence of the WH2 domain at the
end of the MTSS1 molecule, which can bind and sequester free G-actin when

expressed at very high levels.

To confirm this, | cotransfected the constitutive active formins with C-
MTSS1AWH2, and observed that while C-MTSS1 was able to both slow and induce
pausing in DAAM1, C-MTSS1AWH2 did not induce global slowing of speckles (MTSS1,
r’=0.85, p<0.0001; C-MTSS1, r?>=0.81, p<0.0001; C-MTSS1AWH2, r=0.32, p=0.26)
(Figure 30A-C). Similarly, when plotting speckle speed against MTSS1 truncate
expression, neither mDial or Bnil showed slopes that were significantly negative in
the presence of C-MTSS1AWH2. These data confirmed that overexpression of the
WH2 domain seems to sequester free G-actin. Of interest, it appeared that, although
not significant, expression of C-MTSS1AWH2 showed a tendency to decrease DAAM1
speed. This may be due to the inclusion of tiny pauses that were unable to be resolved

at the time scale of imaging.

Next, | quantified the proportion of measured speckles in each cell that showed
pauses longer than 1s, requiring that they recovered movement on the same vector
within the observation timeframe. Because this does not include speckles that were

either already paused when imaging was started, or stopped and did not recover
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Figure 29. MTSS1 non-specifically slows processive elongation of formins,
but induces pauses specifically for DAAML.

(A-C) Distance vs time plots of individual GFP-tagged constitutive active (A) DAAML1,
(B) mDial, and (C) Bnil in the presence of MTSS1 or its truncates visualized by
SiMS.
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Figure 30. MTSS1 non-specifically decreases formin elongation speed due to
presence of the WH2 domain.

(A-C) Speed of speckles were calculated from the slope of distance vs time plots at
regions where speckles were not paused. GFP-tagged constitutive active (A)
DAAM1, (B) mDial, and (C) Bnil all showed slowed speed in the presence of MTSS1
in an expression-level dependent manner. This decrease in speed was abrogated
with truncation of the WH2 domain.
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Figure 31. The SRD-PRD region of MTSS1 specifically induces DAAM1
pausing.

(A-C) Speckle pausing was measured from distance vs time plots. (A) MTSS1 and
its truncates were all able to induce similar extent of DAAM1 pausing in an
expression-dependent manner. (B) mDial and (C) Bnil did not show any pausing.

movement within imaging, this measurement underestimates the proportion of

pausing speckles.

Control cells had an average of 9.7% + 8.8% (mean + SD) GFP-C-DAAM1
speckles showing a pause of >1 s (Figure 31). However, in the presence of MTSS1,
there was a significant positive correlation between DAAM1 pausing and MTSS1
expression level (r>=0.68, p<0.0001) as well as in the presence of C-MTSS1 (r’=0.66,
p<0.0001). This pausing behavior was still observed in with the loss of the WH2
domain (r’=0.72, p<0.0001). Neither mDial nor Bnil showed any increase in pausing,

even with high levels of MTSS1 expression.
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1.3.4 Biochemical analysis of MTSS1 inhibition of DAAML.

While use of SiMS imaging and XTC cells allowed a more natural environment
to study the activities of DAAM1 and MTSS1, it was still unknown whether MTSS1-
dependent induction of DAAM1 polymerization pausing was due to direct binding or
required additional factors found in the cell environment. In an attempt to assess this,
| performed TIRF imaging using purified constitutive active C-DAAM1 as well as C-

MTSS1AWH2, to directly visualize elongating F-actin filaments.

Initial attempts to visualize DAAM1-dependent F-actin elongation proved to be
very challenging, due to the similar apparent elongation speeds of DAAM1-dependent
and spontaneous F-actin elongation, and the difficulty in distinguishing between the
two. This is consistent with a recent report demonstrating the inability of the drosophila
orthologue DAAM to increase elongation speed of F-actin (Vig et al., 2017). Therefore,
| next immobilized GST-C-DAAML by incubating the purified protein with polystyrene
beads functionalized with anti-GST IgG to try to differentiate between DAAM1-

dependent and spontaneous elongation of F-actin (Figure 32A).

C-DAAM1-funcitonalized beads were adhered to glass in a flow chamber,
followed by a subsequent series of washes, nucleation, and elongation buffers. Actin
was initially nucleated without the presence of Profilin for 1 minute to minimize the
possibility of Profilin-dependent inhibition of this step. This was then followed by an
elongation buffer which included labelled actin, Profilin, and in some cases, purified
GST-C-DAAML1. Using 10% labelled G-actin, which forms F-actin with light and dark
patches, DAAM1-dependent elongation of F-actin could be identified by movement of
F-actin away from the bead, due to immobilized DAAM1-dependent barbed-end
addition of actin monomers (Figure 32B). Interestingly, | could observe the sides and
pointed end of F-actin often attaching to the bead. While it has been reported that
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Figure 32.

(A) Example of TIRFM F-actin fluorescence image merged with phase-contrast image
of GST-C-DAAM1-beads. Stars indicate C-DAAMI1-dependent processively
elongating F-actin in the presence of 0.5 pM G-actin and 2 pM profilin. G-actin is
preferentially incorporated at the barbed end (bead-side), and the pointed end is
pushed away from the bead. Asterisks indicate spontaneously formed F-actin. Scale
bar 3 um. (B) Kymographs of processively elongating F-actin in the absence (left) and
presence (right) of 5 uM C-MTSS1AWH2. Arrowhead indicates position of GST-C-
DAAM1 bead. (C) Quantification of the length of elongation during 250 s of
observation, including F-actin that stopped growing. Student’s t-test. Data show mean
+SEM. * p <0.05
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Figure 33.Relative speeds of C-DAAM1 dependent F-actin elongation.

(A) The speed of each F-actin showing C-DAAM1-dependent elongation was
normalized to the average elongation speed of spontaneously formed F-actin in each
field of view. Data show mean £SEM. N=15-26 filaments per condition, pooled from
three replicate experiments. *** p <0.001, **** p <0.0001, two-way ANOVA.
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DAAML1 can function as an F-actin bundler (Jaiswal et al., 2013), there have been no
reports of DAAM1 binding to the pointed end of F-actin. Unfortunately, | did not
perform control experiments with GST-immobilized beads to determine whether this

binding was DAAM1-specific or not.

In the presence of C-MTSS1AWH2, several observations were made. First was
what appeared to be a subset of filaments that stopped their elongation (Figure 32B),
but were quickly obscured by other spontaneously growing F-actin. When including
these filaments in measurements of elongation speed, it could be seen that total
elongation of the F-actin was reduced in the presence of C-MTSS1AWH2 (Figure
32C). However, these filaments were observed in the same field of other active C-
DAAM1-dependent elongation, making it unclear what the difference between these
two populations of filaments were. Measurement of relative elongation speed, that is,
the speed of C-DAAM1-dependent filament elongation normalized to the elongation
rate of spontaneously formed filaments in each field of view, C-DAAM1-depent
filaments showed a slight decrease in speed in the presence of C-MTSS1AWH2

(Figure 33A).
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CHAPTER 3. DISCUSSION
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3.1 Discussion

The phenotypic differences observed among the different MTSS1 knockout
models highlighted the need for further clarification of the cell-specific function of
MTSSL1 in different neurons (Saarikangas et al., 2015; Sistig et al., 2017). In particular,
it is difficult to interpret the morphological defects observed in the cerebellum in global
knockout models due to MTSS1 expression in granule cells, which provide synaptic
input onto Purkinje cells (Holst et al., 2008; Hayn-Leichsenring et al., 2011). MTSS1
deficiency in granule cells might affect circuit formation or function, thus resulting in a
more severe effect on Purkinje cells in global knockout mice. Although in the Kansas
City model, selective re-expression of MTSS1 in the granule cells demonstrated
persistent defects in Purkinje cell dendritic morphology, re-expression of MTSS1 in the
Purkinje cells showed that the loss of granule cell MTSS1 still resulted in Purkinje cell
dendritic morphology defects. While proper innervation is not necessary for Purkinje
cell spine initiation (Hirano et al., 1977), we cannot rule out the possibility that proper
innervation is required for correct attainment of morphological structure. Therefore, in
this study we used a Purkinje cell-specific knockout mouse to better clarify the cell

autonomous role of MTSSL1.

It has been proposed that dendritic filopodia around the growing tips of Purkinje
cell dendrites (terminal filopodia) function as environmental sensors and regulate
dendritic growth and branching (Berry and Bradley, 1976). Furthermore, it has been
shown that dendritic filopodia act as mediators of contact-dependent retraction, which
ensures the non-overlapping arrangement of Purkinje cell dendrites (Fujishima et al.,
2012). Their extremely high density in developing Purkinje cells suggests the

possibility that they may function to extend the diameter of dendritic reach without
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compromising dendritic volume (Ziv and Smith, 1996). Our initial hypothesis was that,
due to the ability of MTSS1 to make membrane protrusions, knockout would result in
a loss of dendritic protrusions, and following that, loss of dendrites. While my
observations showed a decrease in both total dendritic length and branching points,
the changes were much milder than what would be expected if dendritic initiation was
somehow hampered. Furthermore, the biased difference in dendrite complexity,
comprising the loss of dendrites proximal to the soma and somewhat increased
density further from the soma, suggested that there was no change in the ability of a
dendrite to form, rather that there was a defect in the space-filling arborization rules
that govern dendritic growth. This was confirmed by live imaging that suggested
oversensitivity of the intrinsic dendritic self-avoidance behavior in Purkinje cells after

MTSS1 loss.

What was most unexpected was my observation of a significant increase in
dendritic protrusion length and no change in protrusion density. This was opposite of
our initial hypothesis, as well as inconsistent with the 2015 Saarikangas et al. report
published during my work on this project. This clear lack of necessity of the MTSS1 |-
BAR domain demonstrated that MTSS1’s regulation of the actin cytoskeleton via its
other domains played a more important in dendritic protrusion development. | believe
this may have been overlooked in the 2015 study due to the use of the Finnish
knockout model, which may possibly express a C-terminal truncate of MTSS1 in
hippocampal neurons. This inconsistency regarding the need of the I-BAR domain was
also noted in the 2015 paper; the authors reported that despite MTSS1 I-BAR loss, a
complete inability to initiate protrusions was not observed as their model suggested,

possibly due to the redundant behavior of other I-BAR or F-BAR proteins.
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While several cell-surface molecules have been identified in dendritic self-
avoidance of space-filling neurons, it remains unclear how the signaling threshold for
retraction is established and regulated. My results suggest that contact-dependent
retraction is dependent on both the surface molecule expression and the physical
morphology and dynamics of dendritic protrusions. Given the discrepancy between
the high density of dendritic protrusions and the delay observed in dendritic retraction,
it is unlikely that a single contact results in dendrite retraction. Rather, it is more likely
that a number of contacts must occur before rising above the threshold required for
generating a retraction signal. However, it is still unknown what regulatory
mechanisms underlie the frequent extension and retraction we can observe in wildtype

Purkinje cell dendritic protrusions.

Later observation of Purkinje cell dendritic protrusions showed that loss of
MTSS1 did not appear to affect differentiation of filopodia into spines but rather caused
elongation of all protrusions. This all-encompassing change in protrusion morphology
is not surprising, as dendritic filopodia and spines share common molecular
characteristics and lie on a reversible morphological spectrum: (1) unlike canonical
filopodia, dendritic filopodia show unbundled, bidirectional orientation of individual F-
actin filaments similar to what is found in thin spines and the spine neck (Korobova
and Svitkina, 2010); (2) dendritic protrusions morphologies are not static, and have
been observed to show reversible morphological changes (Halpain et al., 1998; Nagerl
et al., 2004; Schéatzle et al., 2011); and (3) both structures contain the same actin-
binding proteins that generally produce differing physical structures. Thus, MTSS1
may function as one regulator of the balance of these actin-binding proteins in dendritic

protrusion morphogenesis.
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Due to their small volume, dendritic protrusions require tight regulation and
balance of actin nucleation to orchestrate the fast, reversible morphological changes
that have been observed during live imaging. This is supported by observations that
the ARP2/3 and formin—mediated pathways of actin nucleation can compete for G-
actin within cells (Burke et al., 2014; Rotty et al., 2015; Suarez et al., 2015), which has
also recently been shown to occur within the spine head (Glebov and Burrone, 2016);
thus, disruption of one pathway can indirectly affect another. In Purkinje cells,
overexpression of MTSS1 in a WT background resulted in bulbous protrusions, which
was lost by ARP2/3 inhibition, confirming that the MTSS1-ARP2/3 axis of regulation is
also present in Purkinje cells. MTSS1 has been identified to indirectly upregulate the
ARP2/3 pathway via two methods: (1) accumulation of PI(4,5)P2 in the plasma
membrane via its I-BAR domain, which in turn recruits ARP2/3-activating factors
during initiation of dendritic protrusions (Maddugoda et al., 2011; Saarikangas et al.,
2015), and (2) by direct interaction via its PRD with cortactin and facilitation of
cortactin’s upregulation of ARP2/3 activity (Lin et al.,, 2005). The morphology of
Purkinje cell dendritic protrusions appears solely dependent on the latter mechanism,
as the C-terminus of MTSS1 lacking the I-BAR domain was sufficient for function of

the full-length MTSS1 in this context.

The increased protrusion length in MTSS1-deficient cells | observed suggested
either the loss of MTSS1-mediated ARP2/3 activation, which induces compensatory
formin activation, and/or the loss of MTSS1-directed formin suppression. This led us
to wonder to what extent MTSS1 may regulate other actin nucleators other than the
previously reported ARP2/3. My results indicate a novel function of MTSS1 as a direct
inhibitor of DAAM1, thus providing support for the latter scenario and suggesting

MTSS1 plays a dual role as ARP2/3 activator and formin inhibitor in dendritic

84



protrusions. Taken together, it is likely that MTSS1 has dual functions during dendritic
protrusion formation: the first initiation step, in which the MTSS1 I-BAR domain
contributes to membrane bending and ARP2/3 recruitment, and the growth step,
based on a balance of DAAM1-inhibition and possibly ARP2/3-activation by the C-

terminal domain.

My results demonstrated that endogenous DAAML1 is highly localized to the tips
of dendritic protrusions in Purkinje cells, and that acute over-activation of DAAM1
leads to transient increase in dendritic protrusion length. This is in line with previous
results showing that expression of a constitutive-active form of mDia2 results in an
increase in filopodia length (Hotulainen et al., 2009). Experimental and computer
modeling have shown that dendritic protrusion dynamics and final morphology are
most dependent on the rate of actin polymerization (Marchenko et al., 2017; Miermans
et al., 2017), suggesting the contribution of a concerted effort of local formin activation

and release of inhibition.

| confirmed that mammalian MTSS1 specifically binds to DAAM1 and
homeostatically inhibits DAAM1 actin polymerizing activity in Purkinje cell dendritic
protrusions. Like many other formins, DAAM1 contains a G-actin-binding WH2-like
domain in the C- terminus that overlaps with the diaphanous autoinhibitory domain
(DAD)(Gould et al., 2011; Vig et al., 2017). Formin activity is tightly regulated by the
autoinhibitory interactions of DAD with the N-terminal diaphanous inhibitory domain
(DID), which can be released by members of the Rho family of GTPases (Higashi et
al., 2008), Wnt-dependent binding to Disheveled (Habas et al., 2001; Liu et al., 2008),
and a yet uncharacterized conformation change of the FH2 domain to allow exposure

of its actin-binding surfaces (Lu et al., 2007). While | did not assess if MTSS1 inhibits
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DAAML1 activation, | demonstrated that MTSS1 clearly binds to the constitutive active
form of DAAM1 and inhibits actin polymerization via two mechanisms. First,
overexpression of MTSS1 can non-specifically slow actin polymerization by DAAM1
and other formins via WH2-dependent competition for free G-actin. This may be
specifically enhanced for DAAM1 at physiological MTSS1 concentration due to the
direct binding of MTSS1 and increased proximity of its WH2 domain. Second, MTSS1
can specifically induce pauses of DAAML1 during polymerization independently of the

MTSS1 WH2 domain.

Due to the strong polymerizing activity of formins once activated, there likely
exists multiple levels of their regulation within the dendritic protrusion. My data
suggests that MTSS1 can inhibit DAAML1 activity. However, assessment of whether
MTSS1 can directly inhibit DAAM1-dependent F-actin elongation without the need of
other cofactors remains ambiguous, and requires further analysis. Therefore, it is
unknown whether C-MTSS1AWH2 induces transient disassociation of the DAAM1
dimer from the F-actin, blocks G-actin addition, or prevents the sliding of the DAAM1
dimer to remain at the barbed end. Observation in mammalian cells also suggests
other pathways of regulation may be involved. The decrease in protrusion length
observed after treatment of WT cells with the pan-formin inhibitor SMI-FH2 suggest a
basal activity of other formins and/or only a partial inhibition of DAAM1 by endogenous
MTSSL1. In addition to DAAM1, mDia2 and Delphilin have also been shown to be
localized to neuronal protrusions, and mDia2 has been shown to regulate dendritic
protrusion morphology (Dutta and Maiti, 2015; Hotulainen et al., 2009; Miyagi et al.,

2002; Takeuchi et al., 2008).
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In conclusion, | have shown that MTSS1 modulation of opposing actin nucleation
pathways is important for both macro- and microscale morphogenesis of neuronal
dendrites (Figure 34). Much remains to be clarified of the regulatory interplay and
control of the fine actin-based temporal dynamics, which is made especially
challenging due to the functional redundancy and mutual competition/compensation

of actin binding proteins.
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Figure 34. MTSS1 is important for both macro- and microscale
morphogenesis of neuronal dendrites.

(A) MTSS1 regulates proteins that form both linear and branched actin structures.
Regulation of the local actin network determines the length and shape of dendritic
spines and filopodia (dendritic protrusions). (B) Regulation of dendritic protrusion
length impacts contact frequency with neighboring dendrites. (C) In neurons that
show contact-dependent retraction, changes in contact frequency regulates
morphology of the dendritic arbor.

88



3.2 Limitations of this study

The GIuRd2 promoter has been previously used as a Purkinje cell-specific
promoter which begins expression around embryonic day 15 (Takayama et al., 1996).
However, recent studies have indicated that this promoter drives expression in
GABAergic basket and stellate interneurons of the cerebellum, albeit at a later stage,
around postnatal day 14 (Hashimoto et al., 2011; Yamasaki et al., 2011). Despite this,
there have been no reports of MTSS1 expression in cerebellar interneurons, so we

have continued calling these mice Purkinje cell-specific knockout.

Our knockout model utilizes floxxing of the fourth exon to mediate Cre-
dependent recombination and generation of a stop codon for subsequent knockout.
This strategy has the benefit of avoiding the alternative promoter found in exon three
which may, in some cells, lead to transcription of a truncated MTSS1 lacking the first
part of the I-BAR domain. In our model, possible expression of exons 1-3 may occur,
resulting in expression of a 69-residue sequence that retains the domain necessary
for homodimerization. However, the membrane-binding region of the I-BAR domain
has been reported to occur between residues 129-150 (Mattila et al., 2007). Thus, it

is unlikely that this truncate is functional.
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CHAPTER 4. MATERIALS AND METHODS

90



4.1 ANIMALS

Details of Mtss1foXflox generation can be found in (2018) Kawabata Galbraith et
al. Littermates from Mtsslfloxflox gnd Mtss1floxflox-- GluRd2-Cre*/Ce crossings were
genotyped for presence or lack of GluRd2-Cre either on PO for use in cerebellar
cultures, or on P7 for use in immunohistochemistry experiments. Both male and
female pups were pooled and used for experiments with no distinctions made between
the two.

Mice were treated according to the Animal Experiment Committee guidelines
of Kyoto University. Mice were provided with standard food and water ad libitum, and
kept in a 12 hr dark/light cycle at 23+3°C/50% humidity. Mice were kept in group
housing of up to three animals per cage. MTSS1 conditional knockout mice were
housed in standard SPF conditions. Wildtype ICR mice (Japan-SLC, Cat# Slc:ICR)
were obtained 1-3 days prior to giving birth and kept in a conventional animal facility,

and used in experiments requiring only mice with wildtype backgrounds.

4.2 PRIMARY CELL CULTURE

To generate primary cerebellar dissociated cultures, | dissected cerebella from
littermates of Mtss1floxflox and Mtss1floxflox-: GluRd2-Cre*/Ce crossings the day of birth.
After removing the meninges, cerebella were pooled and washed briefly in HBSS
(Gibco), and dissociated using the Neuron Dissociation Kit (Wako Pure Chemical
Industries, Ltd). Cells were resuspended in DMEM/F12 (Gibco) supplemented by 10%
FBS (Gibco) at a concentration of 2 cerebella/coverslip to keep the extremely high
density required for Purkinje cell survival. Cells were plated on 12 mm glass coverslips
that had been extensively washed with 95% ethanol and coated with 400 pug/mL poly-
D-lysine (Sigma-Aldrich) overnight, followed by incubation for 2-3 hrs at 37°C/5%CO2.
Following incubation, | exchanged the medium to one containing DMEM/F12
supplemented with 0.1 mg/ml bovine serum albumin (Sigma-Aldrich), 2.1 mg/ml
glucose (Sigma-Aldrich), 2x GlutaMAX™ (Gibco), 8 uM progesterone (Sigma-Aldrich),
20 pg/mL insulin (Sigma-Aldrich), 200 pg/mL transferrin (Sigma-Aldrich), 100 pM
putresine (Sigma-Aldrich), 30 nM selenium dioxide (Sigma-Aldrich), 5 pM Ara-C
(Sigma-Aldrich), 100 units/mL penicillin (Gibco), and 100 pg/mL streptomycin (Gibco).
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The cultures were maintained at 37°C/5%C0O2, with a 50% media exchange every 5-
7 days.

4.3 CELL LINE CULTURES

HEK293T (Riken BRC Cell Bank, RCB2202) and NIH3T3 (Riken BRC Cell
Bank, RCB1862) cells were cultured in DMEM (Gibco) supplemented with 10% Fetal
Bovine Serum (FBS), 100 units/mL penicillin, and 100 ug/mL streptomycin. HEK293T
cells were passaged at a 1:5 split every 2-3 days, and NIH3T3 cells were consistently
passaged every 3 days and plated at a density of 1.5x104 cells/cm?. The cultures were
maintained in plastic cell culture-treated dishes, or were plated for experiments on
glass coverslips (Matusnami Glass IND., LTD, C012001) coated with 100 ug/mL poly-
D-lysine, and maintained at 37°C/5% CO2 and

XTC cells were cultured in 70% Leibovitz's L15 medium (Gibco) supplemented
with 10% FCS (Gibco) and were maintained at 25°C. Cells were passaged every 2-3
days at a 1:5 split, and maintained in plastic cell culture-treated dishes. For
experiments, cells were plated on glass coverslips coated with 100 ug/mL poly-L-

lysine, in 70% Leibovitz's L15 medium with no serum or phenol red.

4.4 PLASMIDS AND CONSTRUCTION

The plasmids pAAV-CAG-eGFP, pAAV-CAG-mCherry, pAAV-CAG-TdTomato,
and pCMV-AN3-mDial have been previously described (Fujishima et al., 2012;
Higashida et al.,, 2004). The plasmids pCAGGS-Flex and pCL20c-L7::ERT2-Cre-
ERT2 were kindly provided by Michisuke Yuzaki of Keio University, Japan. pGEX-4T-
3 (GE Healthcare), pCMV-tag5a (Agilent) were purchased.

The full coding sequence of MTSS1 (Forward:
ACACGGATCCATGGAGGCTGTGATCGAGAAGGAAT, Reverse:
ACACGCGGCCGCCTAAGAGAAGCGCGGTGCTGAGC) and the C-DAAM1
fragment (Forward: ACACGGATCCAAGGAAGAAATGATGCAGACCTTAA, Reverse:
ACGCGGCCGCCTATTAAAAATTAAGTTTTGTGATT) were PCR-amplified from P1
mouse cerebellum cDNA and cloned into the BamHI and Notl sites of pPCAGGS-GFP-
MCS for CAG promoter-driven N’-tagged eGFP expression constructs. Other eGFP-
tagged MTSSL1 truncates were PCR amplified from pCAGGS-GFP-MTSS1 and cloned
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into the BamHI and Notl sites of pPCAGGS-GFP-MCS using the following primers: |-
BAR (Forward: ACACGGATCCATGGAGGCTGTGATCGAGAAGGAAT,; Reverse:
ACGCGGCCGCCTAAGAACCTTTCAAGTCCAAAATC), C-MTSS1 (Forward:

ACACGGATCCAAGGACTGGGCAAAGCCAGGA; Reverse:
ACACGCGGCCGCCTAAGAGAAGCGCGGTGCTGAGC), C-MTSS1AWH2
(Forward: ACACGGATCCAAGGACTGGGCAAAGCCAGGA; Reverse:

ACGCGGCCGCCTACTTCTTCAGCTTCACGCCCCTC).
For CAG promoter-driven inducible expression constructs, eGFP-C-DAAM1 was
excised from pCAGGS-GFP-C-DAAM1 and cloned into the EcoRI and Notl sites of
pPCAGGS-Flex. To make pCAGGS-Flex-GFP, a eGFP fragment was PCR amplified
(Forward: TTGACGAATTCATGGTGAGCAAGGGCGAGGAGCTG; Reverse:
ATATGCGGCCGCCTACTTGTACAGCTCGTCCATGC) and cloned into the EcoRI
and Notl sites of pPCAGGS-flex.

For N’-tagged GST-fusion constructs, inserts were PCR amplified from
pCAGGS-GFP-MTSS1 with the following primers and inserted into the BamHI and

Sall sites of pGEX-4T-3. MTSS1 (Forward:
ACACGGATCCATGGAGGCTGTGATCGAGAAGGAAT, Reverse:
AGAGTCGACAGAGAAGCGCGGTGCTGAGCGATCGT), I-BAR(Forward:
ACACGGATCCATGGAGGCTGTGATCGAGAAGGAAT,; Reverse:
GTGTGTCGACAGAACCTTTCAAGTCCAAAATCACOQ), C-MTSS1(Forward:
ACACGGATCCAAGGACTGGGCAAAGCCAGGA, Reverse:
AGAGTCGACAGAGAAGCGCGGTGCTGAGCGATCGT), C-MTSS1AWH2 (Forward:
ACACGGATCCAAGGACTGGGCAAAGCCAGGA; Reverse:

GTGTGTCGACTTCTCTGGGGCTCAGGTCTGCGGGG).

For CMV-promoter driven N’ tagged myc-C-DAAM1, C-DAAM1 was PCR amplified
from pCAGGS-GFP-C-DAAM1 with the following primers and inserted into the Notl
and HinDIlII sites of pCMV-tag5a. C-DAAM1 (Forward:
ACATGCGGCCGCAAGGAAGAAATGATGCAGACCTT; Reverse:
CATAAGCTTTTAAAAATTAAGTTTTGTGATTGGTC).

For CAG-driven N'tagged mCherry expression constructs, mCherry constructs:
MTSS1  (Forward: GACGTCGACATGGAGGCTGTGATCGAGAA; Reverse:
TATAAGCTTCTAAGAGAAGCGCGGTGCTGAGCGAT), C-MTSS1 (Forward:
GACGTCGACAAGGACTGGGCAAAGCCAGG; Reverse:
TATAAGCTTCTAAGAGAAGCGCGGTGCTGAGCGAT), C-MTSS1AWH2 (Forward:
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GACGTCGACAAGGACTGGGCAAAGCCAGG; Reverse:
TATAAGCTTCTATTCTCTGGGGCTCAGGTCTGCGG).

All constructs were sequence verified.

4.5 AAV PRODUCTION

HEK293T cells were transfected using calcium phosphate with the three-plasmid
Agilent Helper-Free AAV system, containing a modified expression vector pAAV-
CAG::eGFP (Fujishima et al., 2012), pAAV-RC, and pAAV-Helper. After two days of
growth, cells were washed in an AAV-wash buffer containing 20 mM Tris HCI (pH 8.0),
250 mM NacCl, and 10 mM MgCI2, and lysed via three rounds of freeze-thaw cycles.
The lysate was centrifuged and filtered through a 0.45 pum filter. Lysates were
incubated with AVB Sepharose High Performance (GE Healthcare) for 15 minutes at
RT, washed three times with AAV-wash buffer, and eluted using a buffer containing
250 mM NaCl and 10 mM MgCI2 (pH 3.0), directly into a concentrated Tris pH 8.0 for
immediately neutralization. AAV particles were concentrated using an Amicon Ultra
Centrifugal filter Ultracel 50K (EMD Millipore).

4.6 AAV INTRACEREBELLAR INJECTION
For intracerebellar injection of AAV-CAG-EGFP into WT and cKO mice, P1 or P2 pups

were anesthetized by hypothermia and positioned on a homemade stereotaxic stage
made for neonatal mice. After making a small incision through the occipital skin and
muscle, a 27-gauge needle (Terumo) was used to create a small hole in the bone over
the cerebellar vermis. A 33-gauge needle (Terumo) attached to a microsyringe
containing the AAV suspension was inserted 0.5 mm through the incision in the
cerebellar vermis. Over 30 sec, 1-2 uL of AAV suspension was slowly injected. The
wound was then sutured, and pups were revived at 37°C and returned to the litter after
2 hrs.

4.7 GENOTYPING

Tail clippings were digested in 50 mM NaOH for 10 minutes at 95C. The
MTSS1flox  allele (LoxP-frt check) was identified by PCR using primers 5'-
GGAATGAGATCCGCTTTCCC-3' and 5-GTTATCTGGGTGCGCCTGTGTAC-3
using KOD FX polymerase kit (Toyobo).
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4.8 PURKINJE CELL ELECTROPORATION

Dissociated cerebellar cells were washed three times in Optimem (Gibco) and
resuspended in a final volume of 100 pL Optimem/cuvette (Nepagene) at a
concentration of 2-3 cerebella/cuvette, with 10 pg plasmid DNA. Cells were
electroporated using the Nepa2l Electroporator (NepaGene) using the following
settings: Poring Pulse: 150 V, 0.8 ms pulse length, 50 ms pulse interval, 2 pulses, 10%
decay rate, + polarity; Transfer Pulse: 20 V, 50 ms pulse length, 50 ms pulse interval,
5 pulses, 40% decay rate, +/- polarity. After electroporation, cells were immediately
washed with DMEM/F12 supplemented by 10% FBS and plated.

4.9 PHARMACOLOGICAL EXPERIMENTS

For pharmacological experiments, SMI-FH2 (Sigma-Aldrich) was dissolved in
DMSO, diluted in media, and added to cultures for 10 minutes at a final concentration
of 10 uM SMI-FH2 and 0.01% DMSO. CK-666 (EMD Millipore) was dissolved in DMSO,
diluted in media, and added to cultures for 24 hrs at a final concentration of 20 uM CK-
666 and 0.01% DMSO. Equivalent volumes of media and DMSO were added to control

cultures.

4.10 IMMUNOCYTOCHEMISTRY/ IMMUNOHISTOCHEMISTRY

Antibodies were diluted in PBS containing 5% skim milk (w/v) and 0.3% TritonX-
100. For immunocytochemistry, cultures were fixed for 5 minutes at RT in freshly
prepared paraformaldehyde (4%) in 10 mM MES, 138 mM KCI, 3mM MgCI2, 2 mM
EGTA, and 0.32 M sucrose (pH 6.1) solution. Coverslips were then washed, and
cultures were simultaneously permeabilized and blocked with 5% skim milk (w/v) in
PBS and 0.3% TritonX-100 for 1 hr at RT. Cells were labelled with primary antibodies
as follows: anti-calbindin (mouse, 1:1000, Swant), anti-GFP (chicken, 1:1000, Thermo
Fisher Scientific), anti-MTSS1 (rabbit, 1:500, Novus Biologicals), anti-DAAM1 (goat,
1:1000, Santa Cruz), anti-RFP (rabbit, 1:1000, MBL Life Science) in 5% skim
milk/PBS-Triton-X100 (0.3%) at 4°C overnight. Cells were washed extensively in PBS-
Triton-X100 (0.3%) and stained with Alexa Fluor-conjugated secondary antibodies
(1:20000, Molecular Probes) at RT for 1 hr. Coverslips were washed again with PBS-
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Triton-X100 (0.3%) and mounted on glass slides using ProLong Gold Antifade
(Thermo Fisher Scientific).

For in vivo analysis of Purkinje cell morphology and immunohistochemistry, mice
were deeply anesthetized by isoflurane, and were transcardially perfused with
phosphate buffer (PB) followed by 4% paraformaldehyde (PFA) in PB. Brains were
removed, and postfixed overnight in 4% PFA at 4°C. Brains were then washed of PFA
with three changes of 1X phosphate buffered saline (PBS), and embedded in 3% low-
temperature melting agarose. Sagittal sections were made (100 mm thick) using a
vibratome (DTK-3000, Dosaka EM, Kyoto, Japan). Slices were permeabilized and
blocked by incubation with 5% skim milk in PBS-Triton X-100 (0.3% v/v) over night at
4°C. Primary antibody labeling was performed in blocking buffer overnight at 4°C as
follows: anti-calbindin (mouse, 1:1000, Swant), anti-GFP (chicken, 1:1000, Thermo
Fisher Scientific), anti-MTSS1 (rabbit, 1:500, Novus Biologicals). After thorough
washing, slices were incubated with secondary antibodies for 1 h and if needed,
followed by 10 ug/mL DAPI for 10 min at RT. After washing, slices were transferred to
SuperFrost Micro slides (Matsunami) and mounted with ProLong Gold Antifade

Mountant (Thermo Fisher Scientific).

4.11 INDUCED EXPRESSION OF CONSTITUTIVELY ACTIVE C-DAAML1

Dissociated cerebellar cells were electroporated on ODIV with a 1:2:3 ratio mix of three
plasmids, CAG::TdTomato, pCL20c-L7::ER™-Cre-ER", and CAG:FLEx-eGFP or
CAG::FLEx-eGFP-C-DAAML1, and exposed to 500 nM 4-OHT (Sigma Aldrich) either
on 11DIV11 or 12DIV for variable induction times.

4.12 IMMUNOPRECIPITATION AND WESTERN BLOT ANALYSIS

For western blotting and immunoprecipitation of endogenous protein, cerebella
were dissected and homogenized using a Dounce homogenizer in lysis buffer (PBS
plus 0.3% Triton X-100 supplemented with EDTA-free protease inhibitor cocktail
(Nacalai Tesque). Lysates were incubated on ice for 30 minutes, cleared by
centrifugation (20K x g 15 minutes), and either denatured for 5 min at 95°C in Laemmli
buffer or used for immunoprecipitation. For immunoprecipitation, lysates were
precleared for 1 hour at 4°C with Protein A/G agarose beads (Santa Cruz

Biotechnologies), and then centrifuged for 500 x g for 1 minute. The supernatant was
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incubated over night at 4°C with 5 mg of anti-DAAM1 (Novus Biologicals) or control
mouse IgG antibody (Jackson ImmunoResearch Labs), followed by incubation with
Protein A/G agarose beads (Santa Cruz Biotechnology) for 1 hour at 4°C. Beads were
washed four times in lysis buffer and eluted in Laemmli buffer for 5 min at 95°C.
Lysates and samples were separated by SDS-PAGE in 10% acrylamide gels and
transferred onto PVDF membrane (Millipore). Membranes were blocked for 60 min at
room temperature in PBS-Tween with 5% skimmed powdered. Membranes were
incubated with primary antibodies in blocking buffer overnight at 4C at the following
concentrations: anti-GFP (mouse, 1: 2000; Sant Cruz Biotechnology), anti-DAAM1
(mouse, 1:1000, Novus Biologicals), anti MTSS1 (mouse, 1:1000, Santa Cruz
Biotechnology), anti-mDial (mouse, 1:1000, BD Biosciences). Membranes were
washed and incubated for 60 min in blocking buffer containing HRP-conjugated anti-
goat, rabbit or mouse secondary antibodies (1:10000; EMD Millipore). Signal was
detected with ECL Prime (G.E. Healthcare) and imaged on a ChemiDoc XRS+ System
(Biorad).

4.13 PROTEIN PURIFICATION

C-DAAM1, MTSS1, and its truncates were expressed as N'tagged GST fusion
proteins in BL21-CodonPlus (DE3)-RIPL-competent cells (Agilent). Cells were grown
in LB medium to ODeoo 0.6. Expression was induced by 50 uM IPTG (Nacalai tesque)
for GST-MTSS1 and 250 pM IPTG for GST-C-DAAM1, GST-I-BAR, GST-C-MTSS1,
and GST-C-MTSS1AWH2 constructs. Cells were grown at 18°C overnight for GST-
MTSS1 and GST-C-DAAM1, and 37°C for 1-2 h for GST-I-BAR, GST-C-MTSS1, and
GST-C-MTSS1AWH2 constructs. For MTSS1 and its truncates, cells were harvested
and resuspended in lysis buffer (50 mM Tris HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA,
10% glycerol, 1% Triton X-100, 1mM DTT, and 1 mM PMSF), with all subsequent
steps performed at 4°C or on ice. Cells were lysed by sonication and centrifuged at
20k x g for 20 min. GST fusion proteins were purified by incubation with Glutathione
Sepharose 4B beads (GE Healthcare) for 2 hrs. The beads were then washed four
times with wash buffer (50 mM Tris HCI (pH 8.0), 300 mM NaCl, 1 mM EDTA, 10%
glycerol, 1% Triton X-100, 1mM DTT, and 1 mM PMSF) and eluted in glutathione
buffer (50 mM Tris HCI (pH 8.0), 30 mM reduced glutathione, 150 mM NacCl). The
eluted sample was concentrated using Amicon Ultra 4 Centrifugal filter Ultracel 50K
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(EMD Millipore) followed by buffer exchange to 50 mM Tris HCI (pH 8.0), 150 mM
NaCl, 1 mM EDTA, 10% glycerol, and 1 mM PMSF using a PD-Spin Trap G-25 column
(GE Healthcare). For use in TIRFM experiments, the GST tag was cleaved from GST-
C-MTSS1AWH2 with thrombin (Nacalai tesque) for 1 hour at RT, and thrombin was
removed by incubation with p-aminobenzamidine agarose (Sigma Aldrich). For GST-
C-DAAM1, purification was performed as previously described (Vig et al., 2017),
stored at 4°C, and used within two weeks.

Rabbit skeletal muscle actin was purified as previously described (Spudich and
Watt, 1971), and G-actin was further purified by Superdex 200 pg HiLoad 16/60 gel
filtration column (GE Healthcare). Purified G-actin was labeled with DyLight 488 NHS-
Ester (Thermo Scientific) as previously described (Mizuno and Watanabe, 2014).

Purification of human profilin | was previously described (Higashida et al., 2008).

4.14 GST PuULL-DOWN

For pulldown assay, HEK293T cells were transfected with eGFP constructs
using Lipofectamine LTX (Thermo Fisher). The following day, cells were washed and
lysed in PBS with 0.1% Triton X-100 and EDTA-free protease inhibitor cocktail
(Nacalai Tesque), passed through a 27-gauge needle 7 times, incubated on ice for 30
minutes, and centrifuged at 20k x g for 20 minutes. eGFP fluorescence per mg total
protein was calculated, and lysate from untransfected cells was used to adjust for
equivalent eGFP fluorescence and protein concentration between different eGFP
lysates. Pulldown samples were prepared by incubating 1 mg/mL total protein
concentration with equivalent eGFP fluorescence and 1 uM GST protein for 4 hrs at
4°C with end-over-end rotation. Glutathione Sepharose 4B beads (GE Healthcare)
were then added and further incubated for 1 hour. Samples were centrifuged at 500x
g, and beads were washed four times in PBS supplemented with an additional 150
mM NaCl, 0.1% Triton X-100, and EDTA-free protease inhibitor cocktail (Nacalai
Tesque). Beads were eluted in Laemmli buffer for 5 min at 95°C and separated by
SDS-PAGE as described above.

4.15 IMAGE ACQUISITION
For fixed samples, multi-channel fluorescent images were acquired on a

Fluoview FV1000 (Olympus) laser scanning confocal microscope equipped with
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UPLSAPO 40x dry and 100x oil-immersion objectives (NA 0.95 and 1.40, respectively;
Olympus). For ex vivo dendrite morphology imaging, serial confocal z stack images
were acquired from midsagittal Purkinje cells in lobes IV-V with the 40x objective at a
z-step of 1 um. For in vitro dendrite morphology, serial confocal z stack images were
acquired with the 100x objective at a z-step of 1 um. For dendritic protrusion imaging,
serial confocal z stack images were acquired at distal regions of the dendritic arbor
with the 100x objective and 3x digital zoom with a voxel size of 0.04 x 0.04 x 0.39 um.

For long-term live imaging of developing dendrites, serial confocal z-stacks (4
pm stack, 5 slices x 1 um z-step) were taken with an incubator microscope (LCV100;
Olympus) equipped with a 20x objective (NA 0.7; Olympus) and CO2 supplementation.
Images were taken at 3 h intervals up to 4 days.

For high-resolution live imaging of dendritic protrusions, serial confocal z-stacks
were taken with an incubator microscope (IX81; Olympus) equipped with a UPLSAPO
100x objective (NA 1.40, Olympus) and CO2 supplementation. Images were taken
with 3x digital zoom at an interval of 15 sec.

For lower-resolution multi-position live imaging of dendritic protrusions (used
for the SMI-FH2 experiments), serial confocal z-stacks were acquired with a spinning
disk confocal microscope (CV1000; Yokogawa) using a 100x oil-immersion objective
(numerical aperture 1.4; Olympus) and CO2 supplementation. Images were obtained

every 30 sec for 1 hour and stacked to acquire z-max projections.

4.16 XTC CELL ELECTROPORATION AND PREPARATION FOR SIMS IMAGING

Dissociated XTC cells 1.86 x 10°%/cells were suspended in 10 pL of Buffer R of
the Neon® Transfection kit (Invitrogen) with the following amounts of plasmid DNA.
For the eGFP-C-DAAML1 control condition, 2.5 ng of plasmid DNA was included per
10 uL of cell suspension. For conditions co-expressing eGFP-C-DAAM1 and mCherry-
MTSS1 or its mCherry-conjugated truncates, 2.5-5 ng or eGFP-C-DAAM1 and 2 g of
mCherry construct were included per 10 uL of cell suspension. Cells were
electroporated using the 10 uL Neon® pipette tip using the following program: Voltage:
1005V, Width: 35 ms, Pulses: 2. For experiments, cells were trypsinization and
resuspended in 70% Leibovitz's L15 medium with no serum or phenol red, and plated
on glass coverslips coated with 100 pg/mL poly-L-lysine. Cells showing similar, low
levels of eGFP-C-DAAM1 were selected for imaging 30 minutes post plating.
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4.17 TIRF IMAGING OF C-DAAM1-DEPENDENT ELONGATION OF F-ACTIN

Two mg of 0.5 um carboxylated microspheres (Polysciences Inc.) were
functionalized with 100 pg goat anti-GST 1gG (GE Healthcare) and 200 ug goat I1gG
(Jackson ImmunoResearch Labs) in a 3 mg/mL carbodiimide solution (Nacalai tesque)
for 2 hours at RT. After quenching the reaction with glycine and extensive washing,
anti-GST microspheres were incubated with purified GST-C-DAAML for 1 hour at 4°C.
GST-C-DAAM1 beads were washed 5 times and resuspended in 50 mM KCI, 10 mM
imidazole-HCI, 1 mM MgClz2, 1 mM EGTA, 1 mM DTT, pH=7.0).

DyLight 488-labelled actin was diluted with unlabeled actin to achieve 100 pL
of 10% labelled actin in G-buffer (2 mM Tris-HCI, 0.2 mM CacClz, 0.2 mM ATP, and 1
mM DTT) and centrifuged at 346K x g, 4°C, for 30 minutes. The upper 50 pL of actin
was aspirated for use in assays, within 4 hours of centrifuging.

Homemade glass flow cells were constructed as previously described (Mizuno
and Watanabe, 2014), using glass coverslips that had been carbon-coated (VE-2030,
Vacuum Device Inc.) and hydrophilized by “Soft” glow-discharge (PIB-10 Vacuum
Device, Inc) just prior to flow cell construction. GST-C-DAAM1 beads were incubated
in the flow cell for 1 min, followed by two washes of 10% BSA, incubation of 10% BSA
for 5 minutes, and six washes of TIRF buffer (50 mM KCI, 10 mM imidazole-HCI, 1
mM MgClz, 1 mM EGTA, 50 uM CaCl2, 0.5% methylcellulose, 0.5 mM ATP, 0.5% B-
mercaptoethanol, pH=7.0).

To begin nucleation, actin-bound Ca?* to Mg?* exchange was performed by
adding 1 mM MgClz and 1 mM EGTA to 10% DyLight488-labelled actin in G-buffer two
minutes prior to preparation and perfusion of nucleation buffer (1 uM 10% DyLight488-
labelled actin, 50 mM KCI, 10 mM imidazole-HCI, 1 mM MgClz, 50 pM CaClz, 1 mM
EGTA, 0.5% methylcellulose, 0.5 mM ATP, 0.5% B-mercaptoethanol, 0.1 mg glucose
oxidase, 20 pg/mL catalase, 4.5 mg/mL glucose) through the flow cell. After 1 min of
nucleation, four volumes of elongation buffer (0.5 uM 10% DyLight488-labelled actin,
2 puM profilin I, 50 mM KCI, 10 mM imidazole-HCI, 1 mM MgClz, 50 uM CaClz, 1 mM
EGTA, 0.5% methylcellulose, 0.5 mM ATP, 0.5% B-mercaptoethanol, 0.1 mg glucose
oxidase, 20 pg/mL catalase, 4.5 mg/mL glucose) with or without 5 uM C-MTSS1AWH2

was perfused through the flow cell. The total volume of proteins and their storing
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buffers were constant among samples and did not exceed 50% of the total sample
buffer. All experiments were performed at 20°C.

Fluorescence images of DyLight 488-labelled actin were obtained using an
IX81 microscope (Olympus) equipped with Olympus PlanApo Na 1.45100x TIRFM
objective lens and BCD1 Blue DDD laser (488 nm, 20 mW, Melles Griot). Images were
recorded by a CCD camera (CoolSNAP HQ, Roper Scientific) at 5 s intervals using

MetaMorph software (Molecular Devices).

4.18 IMAGE ANALYSIS

For dendrite morphometry, neurons were traced in reconstructed 3-dimensional
stacks using Imaris software. Sholl analysis was performed using traced dendrites with
Fiji software. To illustrate the cKO phenotype, we defined a primary dendrite as any
branch emerging from the soma, terminating in a bifurcation of two equivalent-
thickness branches. For protrusion analysis, straight unbranching dendritic segments
of 10 um were selected at least 3 um away from branch points and tips of dendrites.
For time lapse analysis, Z-max projections were made using Metamorph software and
dendrites were reconstructed with the same methodology as the fixed samples.
Protrusions were manually traced in 3-dimensional stacks using Fiji software. For
fluorescent intensity analysis, the maximal intensity projected images were generated,
and the mean fluorescent intensity of ROl was measured following the subtraction for
off-cell background with ImageJ software (NIH).

For C-DAAM1 speckling analysis, speckles showing processive elongation
movement (constant speed, same vector) were tracked using the Speckle Tracker J
plugin for Fiji (Smith et al., 2011). Speckles were tracked using the “constant velocity
NCC” model, and two-dimensional Gaussian fitting to identify the peak intensity of the
speckle was used to improve position to subpixel accuracy. Plots of distance travelled
vs time were constructed for each speckle. Due to varying lifetimes of speckles or
movement of speckles out of frame, distance travelled was calculated as total distance
travelled during observation divided by lifetime of speckle. Speed of speckles were
calculated from the slope of the plot at regions where speckles were not obviously
paused. We acknowledge that the presence of very small “non-obvious” pauses could
also contribute to the reduction of speckle speed. This issue may be addressed with

imaging at higher time resolution. Speckles were next classified as “paused” or
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“moving” at every timepoint. Speckles were determined to be “paused” at a timepoints
when the total distance travelled over the preceding four frames was less than 30% of
the expected distance to be travelled according to the speckle speed calculated above.

For TIRF imaging of elongating F-actin, C-DAAM1-dependent elongating F-
actin were first identified by finding F-actin with one end immobilized on a bead,
showing the relative dark/light regions of the F-actin being pushed away from the bead,
indicating the processive incorporation of G-actin by the C-DAAM1-associated barbed

end. Filaments were analyzed manually and with the KymoResliceWide plugin of Fiji.
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